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Resumen
Nuestro estilo de vida actual, basado en la industrializacio´n y el consumo, requiere de
grandes infraestructuras que puedan dar servicio a todas las necesidades asociadas al
entorno: autopistas, l´ıneas ferroviarias de alta velocidad, presas, gasoductos, oleoductos,
estaciones de aerogeneracio´n, l´ıneas de alta tensio´n, etc. Evidentemente, la seguridad de
las citadas estructuras es una prioridad ya que decenas, cientos, e incluso miles de vidas
pueden estar en riesgo en caso de accidente.
Ese creciente requisito en te´rminos de seguridad, esta´ aumentando de manera consi-
derable el desarrollo y aplicacio´n de sensores de fibra o´ptica en detrimento de los t´ıpicos
sensores ele´ctricos. Este reemplazo se debe a ciertas ventajas que tienen los dispositivos
basado en fibra o´ptica: pequen˜o taman˜o y ligereza, menor coste, baja atenuacio´n, capaci-
dad de multiplexacio´n, inmunidad al ruido electromagne´tico o resistencia a temperaturas
extremas.
Evidentemente, no todos los sensores de fibra o´ptica son aplicables a cualquier tipo
de estructura o aplicacio´n. En el campo de las grandes infraestructuras (> 25-30 km),
los sistemas de fibra basados en la tecnolog´ıa BOTDA (Brillouin Optical Time Domain
Analysis) esta´n tomando cada vez mayor protagonismo debido a sus cualidades en rango
de medida (> 50 km) y resolucio´n (< 10 m). Este tipo de sensores, denominados dis-
tribuidos por su capacidad de “convertir” cada seccio´n de fibra en un sensor simplemente
introduciendo luz por ambos extremos de la propia fibra, proporcionan informacio´n de
variaciones de temperatura y deformacio´n, y por consiguiente de cualquier magnitud aso-
ciada a ambas.
La necesidad de introducir dos sen˜ales de luz en la fibra objetivo dificulta la aplicacio´n
de este tipo de sistemas en ciertas infraestructuras de muy larga distancia (> 100 km),
donde la fibra tenga que ir y volver a la estacio´n de sensado (> 200 km) sin posibilidad de
que la luz sea amplificada por algu´n elemento intermedio. Adema´s, cada vez se demanda
ma´s la posibilidad de monitorizar grandes estructuras (> 100 km) con resoluciones por
debajo del metro, lo que dificulta considerablemente la implementacio´n de los sistemas
BOTDA.
En este trabajo de tesis, se desarrolla un estudio cuidadoso de todos los problemas
asociados al incremento de distancia y resolucio´n en sistemas BOTDA y, consecuente-
mente, se proponen te´cnicas aplicables para evitarlos. En particular, abordaremos en
profundidad los desaf´ıos y las constantes de disen˜o de los sistemas BOTDA asistidos por
Raman.
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La amplificacio´n Raman en sistemas BOTDA implica un aumento del rango de sen-
sado pero, desgraciadamente, introduce un ruido en la sen˜al detectada denominado RIN
(Relative Intensity Noise). Para evitar los problemas asociados a la transferencia de RIN,
propondremos diferentes me´todos capaces de eliminar parcialmente las caracter´ısticas t´ıpi-
cas del ruido RIN.
Gracias a la aplicacio´n de estas nuevas te´cnicas y procedimientos de optimizacio´n, se
demuestra de manera experimental el sensado a lo largo de 100 km con 0,5 metros de
resolucio´n y, por primera vez, una medicio´n lineal de 240 km de fibra (120 km de fibra
sensible) con una resolucio´n de 5 metros.
Abstract
Our current lifestyle, based on industrialization and consume, requires big infrastructures
that can provide service to all the generated associated necessities: freeways, high-speed
railways, dams, pipeline transport for oil and gas, wind farms, high power lines, etc.
Obviously, the safety of the cited structures is a priority since tens, hundreds, or even
thousands of lives are at risk in case of accident.
That increasing requirement in terms of security is enlarging considerably the develop-
ment and application of optical fiber sensors in detriment of the standard electric sensors.
This replacement arises due to the advantages that optical fiber devices have: reduced size
and weight, low cost, small attenuation, multiplexing ability, immunity to electromagnetic
noise or resistance to extreme temperatures.
Obviously, not any optical fiber sensor is suitable for all kind of structures or applica-
tions. In the field of big infrastructures (> 25-30 km), systems based on Brillouin Optical
Time Domain Analysis (BOTDA) technology are becoming more prominent due to their
attributes in terms of range (> 50 km) and resolution (< 10 m). These kind of sensors,
denominated as distributed because of their ability to “convert” every section of the fiber
into a sensor by just introducing light on each side of the fiber itself, provide information
of temperature and strain variations and, therefore, of any other associated magnitude.
The necessity to introduce two light signals on the target fiber, makes difficult the
application of these kind of systems over very long range infrastructures (> 100 km) where
the fiber has to go back and forth to the sensing unit (> 200 km) without being possible
to amplify the light by any intermediate element. Also, the demand for monitoring large
structures (> 100 km) with sub-metrical resolutions is considerably increasing, which
considerably complicates the implementation of BOTDA systems.
In this thesis work we develop a careful study of all the associated issues to the incre-
ment of range and resolution in BOTDA systems and, consequently, we propose applicable
techniques to avoid them. In particular we will address in depth the challenges and design
constants of Raman assisted BOTDA systems.
Raman amplification in BOTDA implies some increase in sensing range but, unfortu-
nately, introduces a noise on the detected signal known as Relative Intensity Noise (RIN).
To avoid the issues related to RIN transfer, we will propose different methods capable of
partially removing typical RIN noise features.
Thanks to the application of these new techniques and optimization procedures, it is
experimentally proven the sensing over 100 km with 0.5 meter resolution and, for the first
time, a linear measurement of 240 km fiber length (120 km sensing length) with 5 meter
resolution.
v
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1.1 Motivation
The scientific progress developed from the beginning of the 20th century, has allowed to
supply our society with different structures/infrastructures that make our daily life much
more comfortable. In the industrialized countries, it is common to find infrastructures
such as freeways, skyscrapers, high-speed railways, dams, dikes, etc. Moreover, the cur-
rent lifestyle, mainly based in consume, demands the production and transport of large
amounts of energy, which at the same time require pipeline transport for oil and gas, high
power lines, wind farms, solar power stations, etc.
Because of the importance that these structures have in our daily routine, it is neces-
sary to control their safety and efficiency since hundreds or even thousands of lives depend
on them. In order to develop that monitoring, until the end of the 20th century, the use
of electrical sensors has been widely developed. Unfortunately, this kind of sensing has
some associated issues especially when dealing with some specific and/or large structures:
• In large structures, where the sensors heads and the interrogation units are usually
far from each other, when electric cables are employed to communicate both elements
they transfer noise to the signal and also a great amount of attenuation, thus limiting
the maximum distance among the sensing elements.
• If hundreds or thousands of sensing points are required due to the size of the target
structure, the conventional electric sensors require a couple of cables per sensing
head, which is translated as complex, heavy, difficult to handle and expensive sys-
tems.
• Some environments, such as rail transport infrastructures, are highly affected by
electromagnetic interferences due to the intense electric fields generated during train
motion. These kind of interactions directly influence the measuring quality of the
electric sensors, which is translated as bad readings that may cease the activity of
the infrastructure inappropriately.
• The electrical monitoring systems are sensitive to environmental variations, so the
hostile nature of some surroundings can easily damage their lifetime if they are not
properly installed or protected.
Due to the cited drawbacks, sometimes it is quite difficult or even impossible to con-
tinuously monitor some of the infrastructures. This could lead to serious accidents or the
necessity to apply some other more expensive controlling techniques. Under such circum-
stances, in the 90’s, the development of sensors based on optical fibers started in order to
take advantage of the benefits of light guiding structures:
• Standard optical fibers present very low attenuation values (from 0.20 dB/km to
0.35 dB/km), which means that the target signal can be transported over very long
distances without distorting its features.
• The sensors based on optical fibers can be wavelength-multiplexed in a relatively
easy way, which allows a single fiber to monitor tens or even of hundreds of points.
In addition, the fiber itself can act as distributed sensor, which allows to control tens
of kilometers with resolutions in the order of meters.
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• Optical fibers are immune to electromagnetic noise, which favors their installation in
environments affected by intense electric fields, such as rail transport infrastructures.
• Since optical fibers are based on silica, they have great resistance to high or low
temperatures. This feature makes optical fibers very useful when measuring under
extreme environmental conditions.
All the cited benefits, have converted the monitoring and control of large infrastruc-
tures through optical fiber sensors in one of the most preferred options for different com-
panies. In fact, the standard optical fiber installation for data transmission present over
new constructed facilities can be, sometimes, potentially employed for sensing purposes.
Among the different sensors based on optical fibers that are currently applied in real-
world applications, we can find the Bragg gratings and the ones based on linear or non-
linear scattering processes, such as Rayleigh, Raman or Brillouin scattering. Bragg grat-
ings reflect a temperature/strain-dependent light wavelength and can be multiplexed over
the target fiber. The sensors based on linear or non-linear scattering have the special abil-
ity to obtain temperature and strain measurements every few meters over a conventional
fiber, which allows to sense over very long distances providing a large amount of sensing
points. Among the distributed sensors, the ones based on Brillouin scattering stand out
due to their good performance in terms of range and resolution.
One of the most studied and developed Brillouin distributed sensor is the one based
on analyzing the retrieved information as a function of time. This element is known as
BOTDA, acronym that comes from Brillouin Optical Time Domain Analysis. A BOTDA,
proposed for the first time in 1989, has attracted great interest in the lasts decades among
the academic and industrial sectors due to its benefits when targeting very long distances
(> 25-30 km) with resolutions ranging a few meters (< 10 m). As a result of this intense
interest on these systems, the demand in terms of range and resolution has considerably
increased. Some applications require ranges exceeding 100 km with, in some cases, sub-
metrical resolutions. In addition, some applications such as offshore wind farms, require
to monitor distances beyond 70 km with the impossibility to connect any electrical am-
plification stage at the furthest point since no electrical power supply is present on the
installation. This means that it is necessary to monitor fiber spans beyond 140 km going
forth and back from the sensing unit.
This thesis dissertation concentrated on enlarging the sensing range of BOTDA sys-
tems beyond 100 km, maintaining a resolution in the order of meters, or even below the
meter, so it can be properly applied to the most demanding commercial applications.
For such purpose, we propose to combine distributed Raman amplification, a range ex-
tension technique already tested by several research groups, with some other measuring
and/or range and resolution enhancing procedures (Vector BOTDA (VBOTDA), pulse
coding, “de-noising” and Differential Pulse-width Pair (DPP) technique) so the target
specifications are achievable. In all cases, it will be necessary to take special care of the
associated detrimental phenomena (Self-Phase Modulation (SPM), Modulation Instability
(MI), depletion and Relative Intensity Noise (RIN) transfer) that manifest and degrade
the performance of the system.
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1.2 Objectives
From the previously cited motivations, the following objectives have been addressed over
the thesis work:
• Study of the linear and non-linear effects that are necessary to develop Raman-
assisted BOTDA systems, especially the non-linear Raman and Brillouin scattering
phenomena.
• Properly identify all the non-desired effects that manifest within the fiber when
developing high resolution and long range BOTDA systems in order to avoid them
in future systems. The cited phenomena are SPM, MI, depletion and RIN noise.
• Validate the application of First-order Raman amplification on BOTDA systems and
combine it with Second-order Raman assistance and pulse coding, so the measuring
range can be fully extended for ultra-long linear sensing range applications.
• Develop and test data treatment and measuring techniques (“de-noising”and VBOTDA)
that reduce the detrimental effect of RIN transfer produced by the high power Ra-
man Fiber Lasers (RFL) employed to provide long range distributed Raman ampli-
fication. As a consequence, the resolution enhancer DPP technique could also be
applicable in order to reach sub-metrical resolutions.
1.3 Structure of the Work
The work is divided in six chapters. The four main ones correspond with the four main
objectives treated in this thesis dissertation and defined in the previous section:
• Chapter 2: “Linear and Non-Linear Effects in Fiber Optics” deals with all the theo-
retical basis needed to properly understand the linear and non-linear effects produced
within the sensing fiber when BOTDA systems are developed. A special focus will
be denoted to the Stimulated Brillouin and Raman Scattering processes (SBS and
SRS respectively) since they are the main non-linear effects employed in long or
ultra-long range Raman-assisted BOTDA setups.
• Chapter 3: “BOTDA: Principles, Limitations and State of the Art” describes the
actual state of the art of BOTDA systems and focuses on the undesired effects that
arise in high-resolution long-range Raman-assisted BOTDA systems, such as SPM,
MI, depletion and RIN transfer. It will be necessary to avoid or at least minimize
such effects in order to achieve the objectives given in terms of range and resolution.
• Chapter 4: “Optimization of Long Range Raman-Assisted BOTDA Systems” focuses
on our own works on trying to validate and test the combination of First- and Second-
order Raman assistance techniques together with pulse coding in order to fully extend
the sensing range of BOTDA systems. It is demonstrated a proper performance of
a 2 meter resolution 100 km long First-order Raman-assisted BOTDA (using simple
and analytical optimization procedures) and a 5 meter resolution 240 km linear
long (120 km sensing range) First- and Second-order Raman-assisted pulse-coded
BOTDA.
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• Chapter 5: “RIN Reduction in Long Range Raman-Assisted BOTDA Systems” deals
with the development of original methods to avoid the transfer of RIN from high-
power RFLs (commonly employed in long range Raman-assisted BOTDA systems)
to the BOTDA probe wave. Its reduction through a VBOTDA scheme and a novel
numerical technique denominated as “de-noising”, opens the gate for enhancing the
resolution until sub-metrical levels even in very long range setups and also provides
the opportunity to develop real-time measurements over such long distances.
Chapter 2
Linear and Non-Linear Effects in
Fiber Optics
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2.1 Introduction
In this chapter we will describe and develop in sufficient detail all the physics behind
optical fibers. In order to have a better view on how optical fibers behave when dealing
with the systems described along this thesis dissertation, it is necessary to understand
their linear and non-linear response by describing the most dominant elements that arise.
In the case of non-linearities, it will be necessary to avoid their appearance since, as
we will describe later on, they have a detrimental effect on the proper performance of
our systems. Another phenomena that manifest within the fiber, known as scattering,
encompasses the main description of this chapter since they are the basis of the thesis.
Raman and Brillouin scattering will be pictured deeply so that a proper understanding
can be acquired.
2.2 Response of Fiber Optics to an Electromagnetic Field
The phenomenon of light propagation in a material medium, such as an optical fiber,
like any other phenomenon where an electromagnetic field is present, can be described by
Maxwell’s equations [1]:
∇× E = −∂B
∂t
(2.1)
∇×H = J + ∂D
∂t
(2.2)
∇ ·D = ρ (2.3)
∇ ·B = 0 (2.4)
where E and H are the electric and magnetic field vectors, B, J and D are respectively
the magnetic induction, the current density and the electric displacement vectors and ρ
is the charge density. The spatial derivative is expressed through the ∇ operator.
The definition of both electric displacement and magnetic field vectors (D and H)
should be included in order to complement Maxwell’s differential equations. Therefore,
on one hand, it is necessary to take into account the induced polarization by the field in the
medium when analyzing the electric density flux (D) in a dielectric media. This electric
polarization comes motivated by the reorientation of the bond charges of the material
when crossing an electric field. Therefore, D is expressed as:
D = 0E + P = E (2.5)
where 0 and  represent the electric permittivity in vacuum and in the medium, and P is
the induced electric polarization. On the other hand, the magnetic flux density (B) arises
as an answer to the magnetic field (H) within the medium, which comes determined by:
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H =
B
µ0
−M = B
µ
(2.6)
where µ0 and µ represent the magnetic permeability in vacuum and in the medium re-
spectively, and M is the induced magnetic polarization.
In order to adapt these equations to the specific case of electromagnetic wave guidance
in fiber optics, some particular conditions should be considered [2]:
• Optical fibers are dielectric media, where no free charges are present, so it can be
assumed that J = 0 and ρ = 0.
• Optical fibers are non-magnetic media, therefore the induced magnetic polarization
equals zero (M = 0), and the flux density (B) can be expressed as:
B = µ0H (2.7)
• Optical fibers are indeed dielectric media where no permanent polarization is present
since the polarization vector (P) is induced by the electric field. Therefore, there is
always a functional relation between these two fields that can be phenomenologically
expressed as a power of series of the electric field vector (E) such as [3]:
P = 0
(
χ(1) · E + χ(2) : EE + χ(3)...EEE + . . .
)
(2.8)
where χ(1) describes the linear relationship between the polarization and electric
field vectors and χ(2) and χ(3) are tensors that describe the non-linear relationship
between the same vectors.
• The medium is isotropic and in a first approximation can be assumed linear for
the resolution of Maxwell’s equations. Therefore, since the non-linear effects are
relatively weak in silica fibers for the cases we will study here, it is possible to relate
the real and imaginary parts of χ(1) with the real part of the refractive index of the
material (n0) and the attenuation (α), and at the same time to assume very low
attenuation for optical fibers. Thus  can be considered real and in the following
way [1]:
(ω) = 0n
2(ω) ∼= 0n20(ω) (2.9)
• Strictly monochromatic waves are assumed, where the angular frequency (ω) follows:
ω =
2pi
λ
c = kc (2.10)
where c = 1/
√
µo0, λ and k are respectively the speed of light, the wavelength and
the wave number in vacuum.
Under all the previous assumptions, Maxwell’s equations can be therefore rewritten in
the following way:
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∇× E = i
√
µ0
0
kH (2.11)
∇×H = i
√
µ0
0
kn2E (2.12)
∇ · (n2E) = 0 (2.13)
∇ ·H = 0 (2.14)
Equations 2.11 and 2.12 couple spatial evolutions of E and H and they can be decou-
pled by considering wave equations for the fields. Therefore, the following wave equations
can be obtained with the equivalences ∇× (∇×A) ≡ ∇ · (∇ ·A)−∇2 ·A [2]:
(∇2 + k2n2)E = −∇
(
E
∇n2
n2
)
(2.15)
(∇2 + k2n2)H = (∇×H)× ∇n
2
n2
(2.16)
2.3 Linear Propagation
In this section we will briefly summarize the basic concepts of linear propagation phenom-
ena that we are interested in. Assuming a linear response of the medium, the polarization
induced by a propagating electric field within the fiber (when the power levels are low or
moderate) can be written as [4]:
P(r, t) = 0
∫ +∞
−∞
χ¯(1)(t− t′)E(r, t′)dt′ (2.17)
The refractive index (n) and the attenuation (α) are related to χ(1)(ω) through [1,4]:
n(ω) = 1 +
1
2
<[χ(1)(ω)] (2.18)
α(ω) =
ω
nc
=[χ(1)(ω)] (2.19)
where χ(1)(ω) is the Fourier transform of χ(1)(t). Therefore, if we express the electric field
(E) in the frequency domain and assuming no losses within the fiber, we will have:
∇2E˜ + n2(ω)ω
2
c2
E˜ = 0 (2.20)
This is the equation that we need to solve in order to know the linear behavior of
light when propagating within the fiber. Even though the electric field vector has three
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components (x, y and z), normally only one is employed, typically E˜z(r, ω) and it can be
shown that they are all related. Since our problem has a cylindric symmetry, developing
the variable separation method the obtained solution suits the following scheme:
E˜z(r, ω) = A˜(ω)F (ρc) exp(±imφc) exp(iβz) (2.21)
where φc and ρc are cylindric coordinates, A˜(ω) is an amplitude term, m is an integer
and F (ρc) gives the field distribution within the fiber section. In general, many solutions
can be obtained which are denominated as modes, some of which and can be observed in
Figure 2.1 [5].
Figure 2.1: Intensity profiles of an optical fiber, where m and n take integer values [1, 5].
Even though many solutions are possible, through a certain control of geometry it is
possible to obtain a unique mode, condition referred as single mode propagation. From
equation 2.21, F (ρc) denotes the modal distribution and β the fiber propagation constant,
which is a function of the frequency ω [1]. Both elements can be obtained from the
following equation and applying suitable boundary conditions:
d2F (ρc)
dρ2c
+
1
ρc
dF (ρc)
dρc
+
(
n2(ρc)
ω2
c2
− β2 − m
2
ρ2c
)
F (ρc) = 0 (2.22)
The dependency of β with frequency comes determined by the frequential and radial
reliance of the refractive index. The mode confinement within the fiber core (guidance)
is only achieved when the average value of the index inside the fiber is higher than in the
cladding. The fundamental mode (when referring to single mode fibers) is obtained when
m = 0 and appears as a unique form from zero frequency until a certain ωc frequency
known as cutoff frequency, which also depends on the radial dependence of the refractive
index for step-index fibers. The multi-mode condition is obtained when [1]:
V =
2pia
λc
√
n21 − n22 > 2.405 (2.23)
where V is the normalized frequency, a is the core radius, λc is the central wavelength
and n1 and n2 are the core and cladding refractive index respectively.
2.3. Linear Propagation 13
The distribution of the fundamental mode field follows a Gaussian approachable law
through:
F (ρc) ' exp
(
− ρ
2
c
ρ2cw
)
(2.24)
where ρcw measures the effective radius that occupies the mode. The 2ρcw quantity is
denominated as the diameter of the modal field [6].
In the usual case, the total spectral width of the signals (∆ω) is much smaller than
the central frequency. In this case, we can describe the propagation constant all along the
spectral range of interest through a Taylor series:
β(ω) = β0 + β1(ω − ω0) + 1
2
β2(ω − ω0)2 + ... (2.25)
where β0, β1 y β2 parameters give us information related to the phase and group velocities,
being:
βi =
diβ
dωi
∣∣∣∣∣
ω=ω0
(i = 1, 2, 3, ...) (2.26)
2.3.1 Phase Velocity, Group Velocity and Chromatic Dispersion
Chromatic dispersion, which is directly related to the dependence of the propagation
constant with frequency β(ω), is a phenomenon that arises as a consequence of the linear
propagation of the light within the fiber. In order to explain the chromatic dispersion it
is very useful to consider a spectrum centered around the frequency ω0, as expressed in
equation 2.25 and 2.26.
Phase velocity (vp) is the ratio between the angular frequency (ω) and the propagation
constant (β), and it can be understood as the propagation velocity of a harmonic wave
(e.g. produced by a continuous laser) along the fiber. Group velocity (vg), on the other
hand, is defined as the derivative of the frequency versus the propagation constant, and
equals the inverse of β1:
vg =
dω
dβ
=
1
β1
(2.27)
Group velocity (vg) is the velocity at which the slowly varying envelope of a harmonic
wave propagates (e.g. the modulating sinusoid of a laser output). vp and vg are not equal
in general, unless β and ω are linearly related. As stated, although they are not equal,
phase and group velocities in optical fibers are very similar and almost equal to 2·108
m·s−1 [4].
The relationship between β2 and the group velocity is immediate:
β2 =
d
dω
(
1
vg
)
=
dτg
dω
(2.28)
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where τg is the group delay for unit length. β2 measures the variation of the group
delay experienced by the different spectral components around the central frequency ω0.
Therefore, β2 is responsible for the broadening of the pulses that propagate in linear
regime all along the fiber. This is the reason why β2 is denominated as group velocity
dispersion. In order to measure this parameter, it is commonly employed the chromatic
dispersion coefficient (D), which is directly related with β2:
D =
dβ1
dλ
= −2pic
λ2
β2 (2.29)
where β2 is measured in ps
2·Km−1 and D in ps·nm−1·km−1.
The dispersion can be canceled at a certain wavelength, which is known as the zero
dispersion wavelength (λ0). Above this wavelength (D > 0, β2 < 0) the fibers show a
dispersion regime known as anomalous (which effect is represented in Figure 2.2(a)), and
below (D < 0, β2 > 0) the propagation is developed at normal dispersion regime. The
transition between both regimes can be observed in Figure 2.2(b) for different commercial
optical fibers.
(a) Pulse behavior in an anomalous chromatic dis-
persion fiber.
(b) Chromatic dispersion coefficient as a function of
λ for different optical fibers.
Figure 2.2: Different representations of the chromatic dispersion effect [4].
2.4 Non-Linear Propagation
In order to study the behavior of an intense light beam propagating through a single
mode fiber it is necessary to study the relationship between the electric field (E) and the
polarization (P) through the following equation [1]:
∇2E− 1
c2
∂2E
∂t2
= µ0
∂2PL
∂t2
+ µ0
∂2PNL
∂t2
(2.30)
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which is based on Faraday’s rotational law (equation 2.1), the assumptions made for the
electromagnetic wave guidance in fiber optics (section 2.2) and taking into account the
existing small non-linearity.
In order to make the mathematical development more comprehensive, several simpli-
fications can be considered. Firstly, we can consider that PNL is a small perturbation
compared to PL. Secondly, the optical field maintains its polarization all along the opti-
cal fiber, therefore a scalar approach is valid. Thirdly, the optical field is presumed to be
quasi-monochromatic; thus the spectral width of the pulse (∆ω), which is assumed to be
centered at ω0, suits ∆ω/ω0 << 1.
As a slowly varying envelope approximation has been assumed, it is beneficial to divide
the rapidly varying parts of the electric field and the polarizations:
E(r, t) =
1
2
xˆ[E(r, t) exp(−iω0t) + c.c.] (2.31)
PL(r, t) =
1
2
xˆ[PL(r, t) exp(−iω0t) + c.c.] (2.32)
PNL(r, t) =
1
2
xˆ[PNL(r, t) exp(−iω0t) + c.c.] (2.33)
where xˆ is the polarization unit vector and E(r, t), PL(r, t) and PNL(r, t) are slowly varying
functions of time.
The linear component of PL can be obtained substituting equation 2.32 in equation
2.17, and its given by:
PL(r, t) =
0
2pi
∫ ∞
−∞
χ˜(1)xx (ω)E˜(r, ω − ω0) exp[−i(ω − ω0)t]dω (2.34)
where E˜(r, ω − ω0) is the Fourier transform of E(r, t).
For the non-linear polarization component (PNL), it can be considered that the non-
linear response is instantaneous, so the time dependence of χ(3) can be simplified, therefore:
PNL(r, t) = 0χ
(3)...E(r, t)E(r, t)E(r, t) (2.35)
When considering the non-linear response instantaneous, the contribution of molecular
vibrations in χ(3) is neglected. These vibrations are due to the Raman effect, which will be
explained in detail in subsection 2.5.1.2 and section 2.7, and occur with time delays in the
order of τR = 60−70 fs. The response of the fiber can only be considered instantaneous if
a bandwidth much smaller than 1/τR ' 13 THz is given to the optimal input [1]. Usually,
this assumption can be considered valid only if the employed pulses are < 1 ps. Therefore,
PNL can be expressed as:
PNL(r, t) ≈ 0NLE(r, t) (2.36)
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where the non-linear contribution to the electric constant is defined as:
NL =
3
4
χ(3)xxxx |E(r, t)|2 (2.37)
To obtain the slowly varying amplitude of E(r, t), it is convenient to work in the
Fourier domain:
E˜(r, ω − ω0) =
∫ ∞
−∞
E(r, t) exp[i(ω − ω0)t]dt (2.38)
which satisfies the Helmholtz equation [1]:
∇2E˜ + (ω)k20E˜ = 0 (2.39)
where k0 = ω/c and (ω) is the dielectric constant. Therefore, equation 2.39 can be solved
using the method of separation of variables, assuming a solution of the form:
E˜(r, ω − ω0) = F (x, y)A˜(z, ω − ω0) exp(iβ0z) (2.40)
where A˜(z, ω) is a slowly varying function of z and β0 is the wave number. From the
assumed expression, F (x, y) and A˜(z, ω) are:
∂2F
∂x2
+
∂2F
∂y2
+ [(ω)k20 − β˜2]F = 0 (2.41)
2iβ0
∂A˜
∂z
+ (β˜2 − β20)A˜ = 0 (2.42)
Now, it is possible to go back to the time domain considering from equations 2.24 and
2.25 that the higher-order terms are small if ∆ω << ω0 and that β ≈ β0. Therefore,
through the inverse Fourier transform it can be concluded that:
A(z, t) =
1
2pi
∫ ∞
−∞
A˜(z, ω − ω0) exp[−i(ω − ω0)t]dω (2.43)
Using the Fourier transform, ω − ω0 can be replaced by i(∂/∂t) in the time domain,
then the resulting equation for A(z, t) becomes:
∂A
∂z
+ β1
∂A
∂t
+
iβ2
2
∂2A
∂t2
+
α
2
A = iγ|A|2A (2.44)
where A has been already normalized so that P = |A|2. This equation is commonly known
as Non-Linear Schro¨dinger’s Equation (NLSE) [1,7] due to its similarities to Schro¨dinger’s
equation with non-linear potential. γ, defined as the nonlinear parameter, is expressed
as:
γ =
n2ω0
cAeff
(2.45)
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where Aeff is known as the effective core area and is defined as:
Aeff =
(
∫ ∫∞
−∞ |F (x, y)|2 dxdy)2∫ ∫∞
−∞ |F (x, y)|4 dxdy
(2.46)
The effective area (Aeff ) measures the equivalent non-linear area that the field occupies
inside the fiber. The typical value for this parameter is 72 µm2 for conventional Single
Mode Fibers (SMF) at 1550 nm.
Before concluding this section, it is important to introduce the concept of non-linear
effective length (Leff ). The effective length is an equivalent “lossless” fiber distance that
the light needs to cover in order to create the same non-linear effect as a losing fiber. Its
value comes determined from the following expression:
Leff =
∫ L
0
exp(−αz)dz = 1− exp(−αL)
α
(2.47)
For short fiber lengths it is usually considered that Leff ' L. On the other hand,
for long fiber ranges, Leff ' 1/α. So, for considerably long fibers, in the third window
propagation region, we obtain that Leff ' 22 km.
2.4.1 Non-Linear Refraction
Non-linear refraction is understood as the variation produced by the intensity of the
incident wave on the refractive index of a material. The dependence of the refractive
index of a fiber with intensity can be expressed as [8]:
n(I) = n0 + n2I (2.48)
As stated in the previous section (2.4), the value of n2 is very small in optical fibers
(' 2 · 10−20 m2W−1). However, the obtained modulation in the refractive index for high
powers and long distances is enough to notice phase differences (e.g. when PLeff ' 1
W·km, the introduced non-linear phase reaches φNL ' pi/2).
2.4.1.1 Self-Phase Modulation - SPM
In common literature, [1, 7], Self-Phase Modulation (SPM) is known as the non-linear
refraction effect that arises within the same signal that modulates the fiber index. In
order to study SPM it is convenient to introduce some simplifications before starting to
work with the NLSE (2.44). They allow to make it mathematically more appropriate
to handle and they do not suppose a great physical variation of the system. Firstly, we
must consider a time-scale with a reference point that travels at the same velocity as the
envelope wave of the light pulse does, known as group velocity (vg) (see equation 2.27).
Mathematically, it is defined as the inverse of the first derivative of β. If the duration
of the pulse is also normalized to the input pulse width T0, another time variable can be
defined [8]:
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τ =
t− z/vg
T0
(2.49)
from which the shape of the propagating wave along the fiber can be expressed. In
addition, the amplitude of the slow variation can be expressed in terms of a normalized
amplitude U as [8]:
A(z, τ) =
√
P0U(z, τ) (2.50)
where P0 is the peak power of the signal. In addition, if the losses within the fiber and
the dispersion of the group velocity are considered inexistent, the equation 2.44 can be
rewritten as:
∂U
∂z
= iγP0|U(z, τ)|2U(z, τ) (2.51)
At the output of the fiber, z = L, the solution of 2.51 is:
U(L, τ) = U(0, τ) exp(iφNL) (2.52)
where φNL is the non-linear phase that introduces the SPM and comes determined by the
pump power and the non-linear coefficient of the fiber:
φNL = γP0|U(0, τ)|2L (2.53)
As we can see, the modification of the power at the refractive index affects the phase
of the signal. The introduced non-linear phase will depend on the instantaneous power of
the signal and, therefore, its effect will not just depend on the power of the signal but also
on its shape. Actually, it can be considered the variation of the instantaneous frequency
with the intensity of the signal:
∆ω(τ) = −∂φNL
∂τ
= −γP0L ∂
∂τ
(|U(0, τ)|2) (2.54)
If we consider a pulse at the input of the fiber and we observe the expression 2.54,
it can be noticed how the instantaneous frequency will displace to the red-color region
in the rising edge of the pulse (∆ω < 0) and to the blue-color region in the falling edge
(∆ω > 0). This is effectively evidenced as a broadening of the pulse spectrum although,
not in the temporal shape, as shown in Figure 2.3 [9].
Also the combination of the dispersion and the refraction can be considered. The
dependence of the temporal shape with the chromatic dispersion, as mentioned in sub-
section 2.3.1, determines that in the anomalous dispersion the group delay is greater for
longer wavelengths and smaller at shorter wavelengths. This makes the rising edge of the
phase-shifted pulse to go slower than the falling edge, therefore compressing the pulse. In
the case of the normal dispersion, the group delay evolves inversely to the frequency, thus
the pulse will suffer an additional temporal broadening (see Figure 2.3).
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Figure 2.3: Qualitative illustration of the effect of SPM.
2.4.1.2 Modulation Instability - MI
Traditionally, Modulation Instability (MI) is known as the phenomenon that manifests
with the appearance of two side lobes in the spectral domain of a continuous pump wave.
From the temporal domain point of view, this can be translated as the apparition of a
series of ultrashort pulses from a continuous wave input. To observe the MI phenomenon,
it is necessary that the propagation of the light occurs in the anomalous dispersion regime
(β2 < 0, D > 0). The theoretical explanation of this phenomenon can be found if a
study of the solution of the equation 2.44 is developed. If the losses within the fiber are
considered zero, the following expression can be obtained [4]:
i
∂A
∂z
=
β2
2
∂2A
∂T 2
− γ|A|2A (2.55)
where T = t − z/vg. If this equation is solved, the following stationary solution can be
found [4]:
A(z, T ) =
√
P0 exp(iγP0z) (2.56)
As we can see, the effect of the SPM in a continuous beam consists of modifying the
phase of the wave at the output of the fiber. In order to study the stability of the solution,
a small perturbation is introduced, a [4]:
A(z, T ) =
(√
P0 + a(z, T )
)
exp(iγP0z) (2.57)
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By substituting 2.57 in 2.44 and disregarding the power terms greater than 1 in a, the
following equation can be obtained [4]:
i
∂a
∂z
=
β2
2
∂2a
∂T 2
− γP0(a+ a∗) (2.58)
If this new equation is solved in the frequency domain, we find that as the a∗ (complex
conjugate of a) term appears the Fourier components of the ±Ω frequencies are coupled.
Therefore, the solutions of the differential equation 2.58 should have the following shape
[4]:
a(z, T ) = a1 exp[i(kz − ΩT )] + a2 exp[−i(kz − ΩT )] (2.59)
where k is the wave number and Ω the frequency of the perturbation. The following
step is to substitute the new solution 2.59 in the linear differential equation 2.58. If the
exponential factors are grouped we obtain [4]:
exp[i(kz − ΩT )]
(
−ka1 + β2
2
Ω2a1 + γP0a1 + γP0a2
)
+
+ exp[−i(kz − ΩT )]
(
ka2 +
β2
2
Ω2a2 + γP0a2 + γP0a1
)
= 0 (2.60)
Therefore, it can be deduced that one and each of the terms that multiply the complex
exponentials should be zero. From this condition two homogeneous coupled equations are
obtained [4]: (
−k + β2
2
Ω2 + γP0
)
a1 = −γP0a2 (2.61)
(
k +
β2
2
Ω2 + γP0
)
a2 = −γP0a1 (2.62)
This system has no trivial solution only when the wave number and the frequency of
the perturbation verifies the following relationship [4]:
k = ±1
2
|β2Ω|
√
Ω2 +
4γP0
β2
(2.63)
Observing the last expression, it can be appreciated how determinant is the dispersion
regime of the light traveling through the fiber. If the sign of β2 is positive, then the wave
number is real at any frequency around the central frequency. In that case, all the solutions
should have constant amplitude and it can be confirmed that the stationary solution of
the equation 2.55 is stable in the presence of small perturbations. On the contrary, if
the propagation regime is anomalous β2 < 0, for |Ω| <
√
4γP0β2
−1 the values of k are
pure imaginary, and therefore the amplitude of the perturbation increases exponentially
as light travels through the fiber.
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The effect of the power gain that suffers a signal separated in frequency Ω comes
determined by [4]:
gmi(Ω) = |β2Ω|
√
4γP0
|β2| − Ω
2 (2.64)
where gmi(Ω) = 2=(K) so the factor 2 converts gmi to power gain.
If we develop a study of the evolution of the function gmi(Ω) with frequency, we observe
that two maximums are produced at Ωmax = ±
√
2γP0/|β2|. The gain at that region is
gmi(Ωmax) = 2γP0 [4].
The cited influence of the dispersion and the pump power in the MI gain (gmi) has
already been demonstrated experimentally by e.g. Martin-Lopez in her thesis dissertation
[4]. With smaller dispersion coefficient (D) the gain sidebands become broader while the
gain remains constant (Figure 2.4(a)). In case the pump power is increased, the gain
sidebands widen too but also increase their level (Figure 2.4(b)).
(a) (b)
Figure 2.4: Pulse spectrum gain variation as a result of MI effect as a function of dispersion (a) and
pump power (b) [4].
2.5 Scattering Effects in Fiber Optics
The physical process known as scattering describes the deviation that a wave suffers from
its straight trajectory when encountering different non-uniformities through the medium
as it travels along.
The mentioned deviation or scattering can have a different nature depending on the
intensity of the variables present on the phenomenon. If light is considered as an elec-
tromagnetic wave that travels through a dielectric medium such as an optical fiber, the
scattering can be considered linear (Spontaneous - subsection 2.5.1) if the light power is
lower than a certain threshold level or non-linear (Stimulated - subsection 2.5.2) if it is
higher.
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2.5.1 Linear or Spontaneous Scattering Effects
When talking about spontaneous scattering effects, it is implied that the optical prop-
erties of the medium where the light beam is traveling through remain unaltered. This
reaction only arises when the power of the mentioned light beam is lower than a certain
threshold level; above that level, the scattering effect is considered stimulated, which will
be described in detail in forthcoming sections (2.6 and 2.7). Therefore, the spontaneous
scattering effect is generated by the mechanical or thermal excitation of the medium with
an intensity that is proportional to the intensity of the incident light.
If we consider an inhomogeneous medium such as optical fibers, the scattering process
will remove some photons of the incident light producing at the same time scattered
photons that may be shifted in direction, phase and frequency. Depending on the energy
transfer from the medium to the new scattered photons, the following classification can
be developed:
• Elastic Scattering: The scattered photons maintain their energy, therefore having
the same frequency as the incident light.
– Rayleigh Scattering: It is the unique elastic scattering phenomenon since it does
not produce a frequency shift. It arises from non-propagating density fluctu-
ations of the medium which could result from degree variations of molecular
organization states.
• Inelastic Scattering: In this case, the scattered photons have a different frequency
since an energy transference arises from or to the medium. From a quantum me-
chanical point of view, it is the interaction of photons with phonons, that is, discrete
quantities of light and medium excitation respectively. When the scattered photons
are downshifted in frequency, they are commonly known as the Stokes components.
On the contrary, when they are upshifted, so the incident photons gain energy from
the medium, they are labeled as anti-Stokes components.
– Brillouin Scattering: It is an inelastic scattering process originated from propa-
gating pressure waves, originated by acoustic phonons, which frequency shift is
determined by the acoustic velocity in the medium.
– Raman Scattering: It is a highly inelastic scattering process since the interaction
is developed between photons and optical phonons. This arises since the nature
of the process is based in the interaction between light and molecular vibrational
modes.
Figure 2.5 shows the different types of scattering present in a dielectric medium under
monochromatic light conditions.
In the following subsections we will describe in detail the spontaneous Brillouin and
Raman scattering, omitting the Rayleigh scattering, since the main development of this
thesis dissertation is based on Brillouin and Raman phenomena.
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Figure 2.5: Different spectral components arisen from scattered light in an inhomogeneous medium.
2.5.1.1 Spontaneous Brillouin Scattering
The spontaneous Brillouin scattering is based on the motion of a pressure wave (∆p),
therefore we should analyze it from the acoustics point of view. The wave equation for
the pressure wave can be written as [10]:
∂2∆p
∂t2
− Γ∇2∂∆p
∂t
− v2a∇2∆p = 0 (2.65)
where Γ is the damping parameter and va is the acoustic velocity in the medium, that
can be expressed as:
va =
√
K
ρ
=
√
1
Csρ
(2.66)
where K is the bulk modulus, ρ is the density of the medium and Cs is the adiabatic
compressibility [7].
The intensity of the acoustic wave varies spatially as:
|∆p(z)|2 = |∆p(0)|2 exp(−αaz) (2.67)
where αa is the acoustic absorption coefficient:
αa =
|q|2 Γ
va
=
ΓB
va
(2.68)
where ΓB = |q|2 Γ is the acoustic damping coefficient, which is inversely proportional to
the acoustic damping time (τp) or average lifetime of the acoustic phonon in the medium:
τp =
1
ΓB
(2.69)
24 Linear and Non-Linear Effects in Fiber Optics
The light, is therefore scattered by these acoustic waves, which field obeys the driven
wave equation [7]:
∇2E− n
2
c2
∂2E
∂t2
= µ0
∂2P
∂t2
(2.70)
where n is the refractive index of the medium, c is the speed of light in vacuum and µ0
is the magnetic permittivity in vacuum. The polarization P will depend on the density
variation ∆p of the thermally excited pressure disturbance:
∆p = ∆p0 exp[i(−q · r− Ωat)] + c.c. (2.71)
where Ωa = va |q|, which is the frequency of the acoustic wave, is satisfied being q the
scattered wavevector.
The scattered field from a incident monochromatic lightwave suits the following equa-
tion if equation 2.71 is substituted in equation 2.70:
∇2E− n
2
c2
∂2E
∂t2
= −γeCs
c2
{(ω − Ωa)2E0∆p∗ exp[i(k− q) · r− i(ω − Ωa)t] +
+(ω + Ωa)
2E0∆p exp[i(k + q) · r− i(ω + Ωa)t] + c.c.} (2.72)
where E0, ω and k are the amplitude, frequency and wavevector of the incident light
respectively. γe is the electrostrictive constant and comes determined by:
γe =
(
ρ
∂
∂ρ
)
ρ=ρ0
(2.73)
The Brillouin Stokes and anti-Stokes scatterings are represented through a wavevector
and a frequency that can be obtained from the right side of equation 2.72:
• Stokes Scattering: k′ = k− q ω′ = ω − Ωa
• anti-Stokes Scattering: k′ = k + q ω′ = ω + Ωa
where the wavevector and the frequency are related through:
ω = |k| c
n
ω′ = |k′| c
n
(2.74)
As it can be seen, energy and momentum conservation should be fulfilled, which means
that the frequency and the wavevector of both incident light and acoustic vector should
have particular magnitudes and directions. The representation of the mentioned structure
can be observed in Figures 2.6 and 2.7 for the Brillouin Stokes and anti-Stokes scatterings
respectively [7].
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Figure 2.6: Illustration of the Brillouin
Stokes scattering.
Figure 2.7: Illustration of the Brillouin
anti-Stokes scattering.
On one hand, Figures 2.6(a) and 2.7(a) show the relative orientation of the incident
and scattered fields, and on the other hand Figures 2.6(b) and 2.7(b) show the relation
between the wavevectors of the acoustic, incident and scattered waves. Therefore, it can
be appreciated that the Stokes or anti-Stokes components manifest as a scattering of light
from an acoustic wave co- and counter-propagating to the incident light (Figures 2.6(c)
and 2.7(c) respectively).
It can be assumed that |k′| ≈ |k| for both Stokes and anti-Stokes components since
the acoustic wave (Ωa) has a much smaller frequency than the optical waves. Therefore,
the acoustic frequency can be expressed as:
Ωa = 2 |k| vasin
(
θ
2
)
=
4pinva
λp
sin
(
θ
2
)
(2.75)
Equation 2.75 shows that the frequency shift depends on the scattering angle. Since in
a single mode fiber, the only relevant directions are the forward and backward directions,
the maximum frequency (ΩB) will be in the backward direction (θ = pi) and it vanishes
in the forward direction (θ = 0). That is why Brillouin scattering arises only in the
backward direction. The Brillouin Frequency Shift (BFS) of the backward scattered wave
is represented by:
νB = ΩB/2pi =
2nva
λp
(2.76)
Due to the finite duration of the phonon life (equation 2.69), it should be noted that
in the frequency domain, the Brillouin components are not strictly monochromatic (see
Figure 2.8) and suit a Lorentzian spectral profile given by [1]:
S(ν) ∝ (∆νB/2)
2
(ν0 − νB)2 + (∆νB/2) (2.77)
where ∆νB = ΓB/2pi is the Full-Width at Half Maximum (FWHM) Brillouin spectral
linewidth.
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Figure 2.8: Graphical representation of the spontaneous Brillouin backscattering spectrum.
In Table 2.1 the typical values of Brillouin shift (νB) and linewidth (∆νB) for Brillouin
spectrum are detailed at different standard telecommunication windows [11]:
Wavelength [ν0] Brillouin Shift [νB] Brillouin Linewidth [∆νB]
(nm) (GHz) (MHz)
514 34 100
832 22 70
1320 13 35
1550 11 30
Table 2.1: Standard Brillouin scattering values for SMF at different wavelengths.
2.5.1.2 Spontaneous Raman Scattering
As stated in the previous subsection (2.5.1.1), Brillouin scattering arises due to density
variations within the medium. In the case of Raman scattering, it occurs by the interaction
of light with resonant modes of the molecules in the medium. Since the molecule’s modes
can be vibrational or rotational, the Raman scattering can manifest in such ways; vi-
brational Raman scattering or rotational Raman scattering. Nonetheless, the vibrational
mode is dominant over the rotational mode when generating the Raman scattering [12].
The typical description of the Raman scattering is usually done in terms of quantum
energy levels. If a molecule located in a ground level vibrational state (state ‘1’ in Figure
2.9(a)) is excited by an incident photon with an ωp frequency to an intermediate virtual
state, the photon will be absorbed and consequently a new photon will be emitted at
frequency ωS and a phonon will be reflected at ΩR. Since the energy should be conserved,
ωS, that corresponds to the Stokes Raman scattering (Figure 2.9(a)), will equal to ωS =
ωp − ΩR, where ΩR is the frequency associated to the vibrational mode. If the molecule
already has a vibrational energy (state ‘2’ in Figure 2.9(b)), the incident photon is able
to absorb an amount of energy from the medium, which turns into an upshifted frequency
photon (ωAS = ωp + ΩR). This process corresponds to the anti-Stokes Raman scattering
(Figure 2.9(b)).
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(a) (b)
Figure 2.9: Illustration of the spontaneous Raman scattering processes; Stokes scattering (a) and anti-
Stokes scattering (b).
The Raman Frequency Shift (RFS) in optical fibers (' 13 THz) is about three orders of
magnitude higher than the BFS (' 11 GHz). This arises since in the quantum mechanical
approach, the vibrational modes are represented by optical phonons, which actually have
much higher energy than the acoustic phonons involved in the Brillouin scattering.
The transition rate for the Stokes and anti-Stokes process (WS and WAS respectively)
due to thermal excitation is proportional to [13]:
WS ∝ N0(1 +NΩ) (2.78)
WAS ∝ N0NΩ (2.79)
where N0 is the incident photon number, proportional to the light intensity (i.e. N0 ∝
|E0|2) and NΩ is the Bose-Einstein thermal population factor:
NΩ =
1
exp(hνR/kBTabs)− 1 (2.80)
where h is the Planck constant, kB is the Boltzmann factor, νR is the vibrational frequency
and Tabs is the absolute temperature. The ratio of the unbalance between the Stokes
and anti-Stokes intensities is exp(−hνR/kBTabs), which demonstrates that the anti-Stokes
components tend to equal the Stokes component at high temperatures and that disappears
when Tabs tends to 0.
This property has been used to develop distributed temperature sensors, where the
Raman anti-Stokes intensity is used to identify the temperature distribution and the
Stokes component, which is practically temperature independent [14], can be employed
as reference for local loss variations.
2.5.2 Nonlinear or Stimulated Scattering Effects
In the previous subsection (section 2.5.1), spontaneous scattering effects were discussed,
where the induced polarization is proportional to the applied field. As stated, this only
arises when the properties of the medium remain unchanged, i.e. the incident light inten-
sity is low. In case the applied electric field is high, the nonlinear material response to
the light should be taken into account [7].
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Thus, the scattering processes generated by thermal or quantum-mechanical funda-
mental effects are labeled as Spontaneous and the effects generated due to high-intensity
light presence are denominated Stimulated, where the stimulated processes (e.g. Stimu-
lated Brillouin Scattering (SBS) or Stimulated Raman Scattering (SRS)) are more efficient
than the spontaneous ones.
Considering a high light intensity, the polarization will follow the nonlinear function
described in equation 2.8, which derives into the following perturbed wave based on equa-
tion 2.30 [12].
∇2E− n
2
c2
∂2E
∂t2
− αn
c
∂E
∂t
= µ0
∂2PNL
∂t2
(2.81)
where n is the refractive index of the medium, c is the speed of light in vacuum and µ0 is
the magnetic permittivity in vacuum.
Stimulated scattering effects such as SBS or SRS are the main fundamental processes
employed in order to create the sensors developed along this thesis dissertation, therefore
they will be analyzed in independent sections.
2.6 Stimulated Brillouin Scattering - SBS
In a SBS process, an intense coherent light (e.g. laser pump) enhances the scattering
process. In this enhancing process photons from the source are annihilated producing an
exponential enhancement in the Stokes wave due to an equivalent exponential growth of
the amplitude of the acoustic wave.
SBS can be originated by two mechanisms:
• Brillouin Generator: In this case no external wave is introduced to the medium. The
SBS arises from the generation of the spontaneous Brillouin scattering Stokes wave
which is going to be recurrently amplified.
• Brillouin Amplifier: This procedure, in which is mainly based this thesis work, con-
sists on introducing an external wave, usually known as probe wave in a counter-
propagating direction to the pump signal. The probe wave will be amplified if its
frequency equals the Brillouin Stokes frequency.
During this procedure, as stated in the first paragraph, the acoustic wave can be
controlled by an optic wave through two different mechanisms; the electrostriction and
the optical absorption. The optical absorption only arises in lossy media [7], therefore
electrostriction appears to be the proper mechanism in optical fibers for the generation of
SBS.
2.6.1 Electrostriction
The predisposition of some elements, such as silica, to compress in the presence of an
electric field is known as electrostriction. At the same time, the electrostriction is related
to the phenomenon where molecules are liable to move or re-orientate under the presence
of an electric field in order to maximize their potential energy. If we consider that the
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force acting over molecules (F) is acting just over a unique molecule (macroscopic point of
view), under the presence of an electric field (E) the molecule develops a dipole moment
that increases its potential energy (∆u) [7], therefore:
∆u =
1
2
∆var |E|2 (2.82)
where ∆var is the variation of the dielectric permittivity and |E|2 is proportional to the
intensity of the electric field. Therefore, the force acting over the dipole is given by:
F = −∇u = 1
2
0αp∇(E2) (2.83)
where 0 is the permittivity in free space and αp is the molecular polarizability.
The F force produces an internal pressure known as electrostrictive pressure (pel).
When the media is compressible, the electrostrictive force produces a densification (∆p)
with respect to the average medium density, as well as a molecular displacement [7].
Therefore, the dielectric constant varies in the following way:
∆var =
∂
∂p
∆p (2.84)
where the work per unit developed by the force compressing the material is proportional
to the electrostrictive pressure (pel) as a function of the intensity of the electric field:
pel = −1
2
ρ0
∂
∂p
|E|2 = −1
2
0γeE
2 (2.85)
being γe the electrostrictive constant that equals ρ(∂/∂ρ).
By inserting the electrostrictive pressure (pel) from equation 2.85 in equation 2.72, it
provides coupled-wave field equations for the three waves present on the SBS interaction:
pump, probe and acoustic wave, which lead to the coupled intensity equations represented
in the forthcoming subsection 2.6.3.
2.6.2 Stimulated Brillouin Scattering through Electrostriction
Electrostriction is the necessary mechanism to generate SBS in fiber optics since it can
create a great amount of acoustic phonons. The produced stimulation is enhanced with
the beating between the pump wave and the corresponding counter-propagating signal;
the Stokes wave in case of Brillouin generator or the probe wave when talking about the
Brillouin amplifier.
In case of the Brillouin generator, the frequency shift equals to the one obtained in
equation 2.76 and for the Brillouin amplifier comes set by the difference between the pump
and probe waves:
• Brillouin Generator: νB = 2nva/λp
• Brillouin Amplifier: νB = νp − νS
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In order to describe the SBS generation we can define it as the nonlinear interaction
among a pump wave with νp frequency and a counter-propagating Stokes wave with νS
frequency. When the frequency of the resulting field from the beating of both signals equals
the Brillouin shift of the medium an acoustic wave is generated through electrostriction.
This acoustic wave modulates the refractive index of the medium creating a grating that
scatters the pump wave through Bragg diffraction [15]. Due to the associated Doppler
effect (the grating moves at acoustic velocity (va)), the scattered light is downshifted in
frequency an amount determined by the Brillouin shift of the material. The Stokes signal
will be therefore amplified by the transfer of the scattered light, which in turn strengthens
the acoustic wave. This process is repeated cyclically since the Stokes wave and the
acoustic wave reinforce mutually. The anti-Stokes signal will be emptied in benefit of the
pump wave. Figure 2.10 illustrates the positive feedback loop that leads to the generation
of SBS through electrostriction.
Figure 2.10: Depiction of the generation of SBS through electrostriction [16].
In this case, the generated Brillouin components will follow the already cited Lorentzian
profile (see equation 2.77), where the peak value of the Brillouin gain coefficient will be
expressed as [1]:
gB(ν) = gB0
(∆νB/2)
2
(ν0 − νB)2 + (∆νB/2) (2.86)
where gB0 = gB(νB) is the maximum gain at resonance, defined by:
gB0 =
8pi2γ2e
npλ2pρ0cvaΓB
(2.87)
where γe ≈ 0.902 is the electrostricitive constant of silica, ρ0 ≈ 2210 kg/m2 is the density
of silica fibers, λp is the wavelength of the incident light and np is the refractive index at
λp [1].
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2.6.3 Coupled Intensity Equations for SBS
Under steady-state conditions, applicable for a Continuous Wave (CW) or quasi-CW
pump [1], SBS is governed by two coupled equations, considering as CW when any present
perturbation is greater than the acoustic damping time of the medium (τp). First, it is
necessary to consider the counter-propagating nature of the Stokes wave with respect to
the pump. Second, if relatively small Brillouin shifts are assumed (ω ≡ ωp ≈ ωS), as
well as same fiber losses for both pump and Stokes waves (α ≡ αp ≈ αS), the following
expressions are obtained [1]:
dIp
dz
= −gB(ν)IpIS − αIp (2.88)
dIS
dz
= −gB(ν)IpIS + αIS (2.89)
The produced interference will depend on the relative polarization alignment among
the interacting waves; Ip and IS. On one hand, if no alignment is present, no interference
will be produced and, on the other hand, with total alignment, maximum interference will
arise. Therefore, with polarization diversity schemes, as will be described in forthcoming
sections, the Brillouin gain (gB(ν)) will be reduced by a factor of 1.5 [17].
2.6.4 SBS Threshold
When estimating the Brillouin threshold, pump depletion can be neglected, which derives
into an exponential decay of the pump wave, thus:
Ip(z) = Ip(0) exp(−αz) (2.90)
expression that substituted in equation 2.88 and integrating it over the fiber length (L),
provides the Stokes intensity, that grows exponentially in the backward direction:
IS(0) = IS(L) exp(gB(ν)Ip(0)Leff − αL) (2.91)
where Leff is the effective interaction length, already expressed in equation 2.47. It
is important to mention that when a pulsed signal is employed as pump wave, Leff is
dependent on the pulse width:
Leff =
vgT0
2
(2.92)
where vg is the group velocity and T0 the pulse width.
Equation 2.91 shows that the Brillouin Stokes wave increments exponentially as long
as it travels through the fiber in the backward direction because of Brillouin amplification
occurring as a result of SBS. Unless the Brillouin amplifier configuration is employed, the
Stokes signal is no fed, so it grows from noise or spontaneous Brillouin scattering. This, is
equivalent to injecting a fictitious photon per mode at a distance where the gain exactly
equals the fiber loss [1]. Therefore, the Brillouin threshold (P SBSth ) is found to follow [18]:
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P SBSth ≈ 21
Aeff
gB(ν)Leff
(2.93)
If typical optical communication values for fibers are used at 1550 nm (Aeff = 50µm
2,
Leff ≈ 20 km and gB = 5× 10−11 m/W), the Brillouin threshold will be ∼ 1 mW, what
makes SBS a dominant non-linear process [1].
2.7 Stimulated Raman Scattering - SRS
As mentioned in subsection 2.5.1.2 in Raman scattering the optic waves interact with
the molecular vibrational states of the materials molecules. If an incident wave excites a
molecule, its vibration will vary the refractive index of the media at the natural vibration
frequency (ΩR). As demonstrated in subsection 2.5.1.2, this process generates two side-
bands (Stokes and anti-Stokes) around the pump wave (see Figure 2.11 (a)). If another
field is introduced (Stokes wave) propagating at ωS = ωp−ΩR frequency (see Figure 2.11
(b)) the pump and the Stokes waves can beat with each other modulating at the same
time the total intensity of the vibration.
The modulated intensity coherently excites the molecular oscillation at Ω′R = ωp−ωS,
that at the same time amplifies the Stokes wave, becoming into a self-sustained feedback
process that generates a stronger molecular vibration and an amplified Stokes field.
(a) (b)
Figure 2.11: Illustration of the SRS processes; Raman generator (a) and Raman amplifier (b).
Compared to the SBS process, SRS can amplify the Stokes signals in a co- and counter-
propagating way, where SBS can only excite in opposite direction.
As the SBS (2.6), SRS can be generated through two different processes, based on the
description developed in the previous paragraphs:
• Raman Generator: A strong enough pump wave is launched within the fiber creating
a spontaneous Raman scattering light. This component, that will act as a probe
beam, will be re-amplified in a distributed way all along the optical fiber.
• Raman Amplifier: A co- or counter-propagating wave is introduced within the fiber
at ωS = ωp − ΩR frequency. This wave will excite the vibrational modes generating
amplification on the Stokes component.
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2.7.1 Raman Gain Spectrum
Based on the same approach as done in subsection 2.6.3, the Stokes wave is described
by [7]:
dIS
dz
= gR(Ω)IpIS (2.94)
where IS is the Stokes intensity, Ip is the pump intensity and gR is the Raman gain coef-
ficient. The Raman gain spectrum (gR(Ω)), where Ω represents the frequency difference
between the pump and Stokes waves, is the most important quantity when describing
SRS. It depends on the composition of the material, which makes it vary depending on
the present dopant [1]. One of the most significant features the Raman gain curve in silica
fibers is that it extends up to 40 THz with a broad peak located at ∼ 13 THz (see Figure
2.12).
Figure 2.12: Representation of the Raman gain trace.
In this thesis dissertation, as will be explained in forthcoming sections, the gain profile
will be employed for distributed amplification purposes. If a CW pump with ωp frequency
encounters a ωS at the fiber input, it will be amplified as long as the frequency difference
Ω = ωp−ωS is located within the Raman gain spectrum bandwidth. In an analogous way
to SBS, is no Stokes component is present, the spontaneous Raman scattering acts as probe
and is amplified with propagation. It is important to underline that, as the spontaneous
Raman scattering generates photons within the entire bandwidth of the Raman gain
spectrum, all frequency components are amplied [1].
2.7.2 Coupled Intensity Equations for SRS
Based on the coupled equations among the interaction of the pump and Stokes waves,
SRS is governed by a set of two coupled equations in the CW case [1], as considered in
subsection 2.6.3 for the SBS case:
34 Linear and Non-Linear Effects in Fiber Optics
dIS
dz
= gR(Ω)IpIS − αSIS (2.95)
dIp
dz
= −ωp
ωS
gR(Ω)IpIS − αpIp (2.96)
where αp and αS are the fiber losses at the pump and Stokes frequencies respectively.
In the absence of losses (αp = αS = 0), and considering the processes trough which
photons appear in and disappear from each beam, it can be merely concluded that the
total number of photons in the pump and Stokes beams remains constant during SRS [1].
2.7.3 SRS Threshold
Even though pump depletion should be included for a complete description of the SRS, for
the case of the SRS threshold it can be neglected, as done for the SBS case (see subsection
2.6.4) [18]. The first term on the right-hand of equation 2.96 is responsible for the pump
depletion. If its solution is substituted in equation 2.95 and solved the result is:
IS(L) = IS(0) exp(gR(Ω)I0Leff − αSL) (2.97)
where I0 is the incident pump intensity at z = 0 and Leff is the effective length as
expressed in equation 2.47.
As equation 2.97 requires an input at z = 0 (IS(0)), this is translated in practice as
to injecting one fictitious photon per mode at the input end of the fiber. Therefore, the
critical pump power to reach the Raman threshold (P SRSth ) is given by [18]:
P SRSth = 16
Aeff
gRLeff
(2.98)
For standard telecommunication optical fibers employed at 1550 nm (Aeff = 50µm
2,
Leff ≈ 20 km and gR = 6.6 × 10−14 m/W) the Raman threshold will be ≈ 600 mW for
forward SRS. In the case of backward SRS the numerical factor 16 is replaced with 20 [1],
therefore, P SRSth−bw will equal approximately 750 mW.
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3.1 Introduction
This thesis dissertation deals with the improvement of Brillouin Optical Time Domain
Analysis (BOTDA) systems in terms of range and resolution. That is why, in this chapter,
it will be developed a proper description of the technique itself as well as its trade-offs
when employing it as a distributed optical fiber sensor. Unfortunately, when intending to
enlarge the range and/or the resolution of a BOTDA some associated issues arise, such as
Modulation Instability (MI), pump depletion and Self-Phase Modulation (SPM). A full
description of such phenomena will be developed and the proposed techniques to avoid
them in terms of range (Raman amplification, pulse coding) and resolution (Differential
Pulse-width Pair (DPP)) will also be addressed. Raman amplification also produces a
non-desired effect as it produces a great Relative Intensity Noise (RIN) transfer to the
probe wave. This phenomenon has also been identified as a major limitation in Raman-
assisted BOTDA systems, so it will be properly addressed in this chapter too.
3.2 Brillouin Optical Time Domain Analysis - BOTDA
BOTDA is a fiber optic sensing technique that allows performing distributed measure-
ments of strain and temperature over tens of kilometers with resolutions around 1-2 meters
depending on the sensing length. At the heart of the technique is the Stimulated Brillouin
Scattering (SBS) interaction, already described in section 2.6. The measurements of strain
and temperature are linked to the fact that these magnitudes have a linear dependence
to the frequency variation of the Brillouin Frequency Shift (BFS) [9,19].
This measuring technique has attracted great interest in the academic and industrial
sectors in the last two decades and it already has been applied for real sensing and monitor-
ing field applications (e.g. buildings, pipelines, dams, etc.) demonstrating its performance
and effectiveness.
3.2.1 BOTDA Sensing Technique
In its very beginning, the BOTDA was employed as a fiber attenuation measuring tech-
nique [20,21], substituting the widely known Optical Time Domain Reflectometry (OTDR)
technique [22] due to its potential for improved performance in terms of Signal to Noise
Ratio (SNR), range and resolution. Once the dependence of the BFS was related to the
variation of strain and temperature, the BOTDA was utilized as a distributed fiber optic
sensor [23,24].
The original BOTDA setup can be observed in Figure 3.1. Its working principle is
based on introducing within the Fiber Under Test (FUT) two counter-propagating light
signals; a pulsed lightwave at z = 0 traveling in the +z direction and a Continuous Wave
(CW) at z = L propagating in the −z direction.
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Figure 3.1: Graphical representation of the first BOTDA [20]. FUT: Fiber Under Test; CW: Continuous
Wave.
Based on that structure (Figure 3.1) a BOTDA can operate in two different configu-
rations [20]:
• Brillouin Gain: In this BOTDA structure, the pulsed wave (at ν0 frequency) acts as
the pump wave for the Brillouin amplification and the CW (at ν0 − ∆ν) as probe
wave. The pump pulse generates a gain band which maximum frequency will be
downshifted an amount equal to ν0 − νB, where νB is the BFS (see Figure 3.2).
When the probe wave offset equals the BFS, it is amplified by the SBS interaction.
Therefore, temperature or strain variations within the fiber that vary the Brillouin
amplification of the CW can be measured at the fiber input (z = 0) as a function of
the frequency difference among the pump and probe waves (∆ν) [19].
• Brillouin Loss: In this configuration, the pulsed signal (at ν0) acts as the probe
wave. Therefore, the CW is the pump wave of the SBS process, and it will be
necessary to be positioned at ν0+νB frequency (see Figure 3.2) [25,26]. Identically to
the Brillouin gain configuration, when the frequency difference between both waves
equal the BFS, a Brillouin amplification will arise, although in this case it is the
pulse which is amplified at the expense of the CW depletion. Therefore, temporal
variations of the CW intensity can be measured at z = 0 in form of depletion or
loss induced by SBS interaction with the pulse, which provide distributed profiles of
strain and temperature. To be able to retrieve proper depletion avoiding distortion
on the traces it is necessary that the power level of the CW to be much lower than the
pulsed signal [27], which constitutes a drawback when ranging long fiber distances.
In both configurations, in order to fully recover the full spectrum of the interaction,
it is necessary to develop a sweep of the ∆ν frequency difference with respect to the CW
intensity variations. The BFS is determined by adjusting the obtained Brillouin Gain
Spectrum (BGS) to a fit that suits the Lorentzian profile of the BGS (see equation 2.86).
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Figure 3.2: Generation of the Brillouin Gain (ν0 − νB) and Brillouin Loss (ν0 + νB) curves.
The spatial resolution of the system is defined as the smallest fiber section over which
any sensible variation can be detected. In a BOTDA it will be directly proportional to
the temporal width of the employed pulses, as expressed in the following equation:
∆z =
1
2
c
n
T0 ' T0 · 108 (3.1)
where T0 is the pulse width in seconds and it has been considered that the speed of light
in vacuum equals c = 3 · 108 m/s and that the refractive index of a standard Single Mode
Fiber (SMF) is n ' 1.45. Therefore, the resolution of the system follows the relationship
of ∼ 1 meter per every 10 ns.
The linear dependence of the BFS with strain (∆ - Figure 3.3(a)) and temperature
(∆T - Figure 3.3(b)) has already been reported in several publications, [9,19] and follows
the expression:
∆BFS = CνB∆+ CνBT∆T (3.2)
where CνB ' 505.5 MHz/% and CνBT ' 0.95 MHz/◦C at 1550 nm for typical SMFs.
(a) (b)
Figure 3.3: BFS dependence on strain (a) and temperature (b) for standard SMFs at 1550 nm [9].
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In Figure 3.4 it has been schematized the operating mode of a BOTDA sensor working
in the Brillouin Gain configuration.
Figure 3.4: Graphic representation of the BOTDA operation mode in the Brillouin Gain configuration.
As long as the frequency difference among the pump and probe waves equals the BFS of the fiber, the
probe will be amplified, unless the fiber has an inhomogeneous section (different strain or temperature),
where the BFS will be different. Therefore, the amplification of the probe wave at that region will be
produced at a different frequency, making possible the determination of the position and the magnitude of
the inhomogeneity.
In conclusion, the BOTDA sensing technique employs the SBS non-linear effect to
develop measurements based on the pump-probe technique. A pulsed pump signal, intense
enough to create a counter-propagating gain curve due to SBS within the target fiber,
will interact locally with a weak CW probe wave introduced in opposite direction into the
optical fiber.
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The gain experienced at each location by the probe wave due to Brillouin amplification
can be analyzed by recording the probe amplitude in the time domain [9]. The frequency
difference between the pump and probe signals is analyzed and therefore the local ampli-
fication in a concrete inhomogeneous section can be determined. As shown in Figure 3.5,
the complete gain spectrum can be reconstructed by studying the gain as a function of
time and frequency.
Figure 3.5: Schematic drawing of the gain spectrum reconstruction of a BOTDA when strain and a
temperature increase is applied to the fiber.
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3.2.2 BOTDA Theoretical Model
The coupled-wave equations for SBS obtained in subsection 2.6.3 can be applied to a
BOTDA in order to describe the powers of the pulsed and CW signals (Ip and ICW
respectively) [1, 28]:
dIp
dz
= −gBIpICW − αIp (3.3)
dICW
dz
= −gBIpICW + αICW (3.4)
where gB(ν) is the BGS and α is the fiber attenuation, already described in equations
2.86 and 2.19 respectively. In the case of the BGS at a specific fiber position, it is worth
mentioning that it will depend on the polarization states of the light beams traveling
within the fiber [17,28,29]:
gB(z,∆ν) = gB0
γf (∆νB/2)
2
(ν − νB)2 + (∆νB/2) (3.5)
where γf is the polarization factor [28].
Even though the expressions 3.3 and 3.4 are applicable for steady-state conditions,
they can be transfered to the BOTDA model despite one of the signals is pulsed, since
it can be considered that the pulse width is generally much longer than two times the
phonon lifetime (∼ 6 ns) [16]. In any other case, the full BOTDA model should be taken
into account.
As stated previously, a BOTDA can work in Gain or Loss configuration. The first case
arises when the pulsed signal transfers its power to the CW, setting a positive value for
gB(ν). On the other case, the power transfer is developed from the CW to the pulsed
beam, where gB(ν) will have a negative quantity. If we consider the Brillouin Gain case
(gB(ν) > 0 ), the most employed model in long range BOTDA systems, a perturbation
method can be employed to solve the system of equations 3.3 and 3.4 so the Brillouin
gain received from a particular spatial location can be retrieved considering that only the
fiber attenuation (α) affects the CW probe [28]:
ICW (z) = ICW (L) exp[−α(L− z)] (3.6)
where ICW (L) is the input power of the CW probe and L is the sensing length. If equation
3.6 is substituted in equation 3.3 the pulsed wave has the following analytic solution:
Ip(z) = Ip(0) exp(−αz)G(z,∆ν) (3.7)
where Ip(0) is the input peak power of the pulsed laser and G(z,∆ν) represents the deple-
tion experienced by the pulsed beam due to Brillouin interaction, and comes represented
by [29]:
G(z,∆ν) = exp
(
−
∫ z
0
gB(z
′,∆ν)ICW (L) exp[−α(L− z′)]dz′
)
(3.8)
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If equation 3.7 is substituted in equation 3.4, it can be integrated over ∆zi distance,
interval in which the pulsed beam interacts with the CW [28,29]:
∫ ICW (z+∆zi)
ICW (z)
dICW (z,∆ν)
ICW (z,∆ν)
=
∫ z+∆zi
z
[−gB(z′,∆ν)Ip(z′,∆ν) + α]dz′ (3.9)
To recover the information of the BGS along the fiber, it is necessary to compare the
CW light intensity with and without Brillouin interaction. This, expressed as a function
of time (t) and frequency offset (∆ν) and if considered that the gain factor (G) nearly
equals 1 so the changes in the pulse intensity are mainly due to fiber attenuation (α) [14]:
∆ICW (t,∆ν) ∝
∫ tvg/2+∆zi
tvg/2
gB(z
′,∆ν)Ip(z′,∆ν)dz′ (3.10)
where 0 < t < 2(L−∆zi)/vg. This expression allows to directly reconstruct the BGS from
measurements of the CW intensity, which has the same Lorentzian shape as the Brillouin
gain coefficient (gB(ν)). Therefore, this allows to reconstruct the BGS as a function of
distance by measuring the intensity contrast of the CW for different frequency offsets
(∆ν).
3.2.3 Standard BOTDA
The first distributed measurement developed through a BOTDA was developed in 1990 by
Kurashima et al., performing a 100 m spatial resolution sensing over 1.2 km of SMF with
3 ◦C of uncertainty [23]. More than twenty years have passed since then and nowadays,
due to the improvements on developing BOTDA systems, usually it is possible to achieve
a maximum sensing range of 50 km without any extra technique applied [30,31]. In terms
of resolution, the natural limit is given by the phonon lifetime (τp ∼ 6 ns), which sets the
actual minimum resolution to ∼ 1 m, as stated already in subsection 3.2.2.
One of the greatest improvements developed in the progress of BOTDA sensors, which
considerably increased the stability of the measurements, was proposed by Nikle`s et al.
[19,32]. As stated, the first BOTDA employed two different laser sources to generate both
pump and probe signals (Figure 3.1). This configuration has a great disadvantage if the
stability among the lasers is not kept since any frequency drift among the lasers will be
translated as a variation of the Brillouin interaction. This turns into a decrease of the
SNR or errors in the determination of the BFS.
All these issues where solved through the so-called Sideband Technique, which is based
on employing a unique laser source for both pump and probe signals. The laser is mod-
ulated through an ultra-wideband integrated LiNbO3 intensity Electro Optic Modulator
(EOM) in order to obtain pulsed and frequency shifted double sideband waves, as shown
in Figure 3.6.
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Figure 3.6: Schematic of the Sideband Technique BOTDA [32]. DC: Direct Current; Trig: Trigger; Σ:
Adder; EOM: Electro Optic Modulator; FUT: Fiber Under Test.
The application of a microwave signal on the EOM creates equally spaced sidebands
in the laser spectrum at fm frequency (see Figure 3.7(a)). If the frequency separation of
such sidebands (fm) from the carrier wave (ν0) equals the BFS (νB = ν0± fm ' 11 GHz),
the signal will be amplified or attenuated depending on its spectral location with respect
to the probe. Therefore, if a frequency sweep with the sidebands is performed and the
amplitude of the CW is recorded, the BGS can be reproduced at all the points along the
fiber with good stability and SNR. This arises since the relative stability among the pump
and probe waves is guaranteed.
From the cited modulation process, a minimum of three waves will be present within
the fiber; two sidebands located at a frequency around the BFS (fm) and the carrier wave
(ν0). In order to properly re-build the BGS it is necessary to develop a filtering process
of the undesired waves at detection, among them the frequency sideband uninvolved in
the Brillouin gain/loss process and ν0. Rodriguez-Barrios et al. [33] proposed to use a
“W” shaped Fiber Bragg Grating (FBG) [34] so the filtering of the undesired sideband
and carrier can be done at the same time. Nowadays, usually, the non-wanted sidebands
are filtered through a narrowband optical filter and the carrier element is suppressed
by properly setting the Direct Current (DC) bias of the EOM. Figure 3.7(b) shows the
spectrum of the modulated sidebands with the carrier element properly suppressed.
(a) (b)
Figure 3.7: Experimental representation of the probe wave sideband spectrum with the carrier frequency
present (a) and with it suppressed (b).
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The use of a Single Sideband modulation scheme [35, 36] has already been tested
and reported highlighting its benefits combined with different detecting schemes; Self-
Heterodyne detection [37] and a Brillouin Loss configuration [38]. It is remarkable the
Self-Heterodyne detection scheme since it considerably increases the SNR (∼ 11 dB)
but is also able to provide information concerning the Brillouin Phase Shift (BPS). This
measurement method could be potentially beneficial in terms of RIN reduction in Raman-
assisted systems as we will see in the forthcoming section 5.1.
3.3 Range Increase
As already mentioned, the increase of the sensing range could be directly linked to the
increment of the power levels of the signals interacting within the sensing fiber. With
increased power levels, the effect of fiber attenuation can be partially overcome. This
procedure indeed improves the sensing range of relatively short range BOTDA systems
(< 50 km), but when trying to monitor above 50 km, as reported by Rodriguez-Barrios et
al. [39] or Soto et al. [40], the performance of the system can be damaged due to associated
detrimental effects; mainly MI and pump depletion. The path to avoid such drawbacks is
set nowadays on the use of distributed First- [41–44] and/or Second-order Raman ampli-
fication [45–47] and/or pulse coding [40,48–50]. Unfortunately, Raman amplification also
introduces a substantial RIN transfer towards the probe wave. This is because the neces-
sary Raman pumps, normally high power Raman Fiber Lasers (RFL), have a considerable
RIN figure (∼ -110 dBc/Hz). These devices have been widely employed to target long
or ultra-long distances, thus RIN transfer is also considered as a major limitation when
increasing the range of BOTDA systems. Recently, low noise lasers, such as Semicon-
ductor Lasers (SL) (∼ -140 dBc/Hz) have been developed that can provide high enough
power levels, reducing the detrimental effect of RIN transfer [43,44,50], although for some
extreme applications they are still not effective enough. Raman assistance and pulse cod-
ing were employed in some experimental setups of this PhD thesis and before a complete
description is provided, it will be proper to describe in detail how MI and depletion affect
the performance of BOTDA and Raman-assisted BOTDA distributed systems.
3.3.1 MI on BOTDA Systems
MI (subsection 2.4.1.2) is a phenomenon directly linked to the employed pump power
and the dispersion of the optical fiber through which the signals travel [51,52]. Since the
fibers employed in Brillouin distributed sensing are usually long range standard SMFs with
anomalous dispersion at 1550 nm, MI entirely depends on the pump power level creating
a depletion of the pump signal, which manifests as the buildup of two sidebands at each
side of the center beam wavelength [53]. Under this condition, a power exchange between
the pump and the generated sidebands arise, a phenomenon known as the Fermi-Pasta-
Ulam (FPU) recurrence [54]. The detrimental effect of MI in distributed fiber sensors has
been studied by Alasia in his thesis dissertation [55], although in that case, the effect was
studied by seeding two sidebands on the pump spectrum and observing their evolution
with the input power [56]. For our particular case, as the pump and probe signals travel
always in opposite directions, as explained in Figure 3.1, the generated sidebands due to
MI are only seeded from noise. This process translates as a recurrent signal depletion.
46 BOTDA: Principles, Limitations and State of the Art
As demonstrated by Martins et al. in [53] over 10 km, for pump powers < 26 dBm
(400 mW), the effect of MI is negligible, as the pump wave contains 90 % of the total
power. On the contrary, for higher power levels, the pump signal is depleted in favor of
the generated noise sidebands. However, as already tested in several works dealing with
FPU [54,57] when either the range or the pump power is increased, the power transfer is
reversed after certain distance which is translated as a power return from the sidebands
to the central pump wave. After some more distance, the phenomenon again transfers
power from the pump to the sidebands, and so on, resulting into an oscillatory power
pattern in the pump pulse. This behavior can be observed on the simulation of Figure
3.8 [53], which can be obtained from the Non-Linear Schro¨dinger’s Equation (NLSE) (see
equation 2.44) and noise as a seed.
Figure 3.8: Simulation of the input pulse spectrum evolution along 10 km under the effect of MI [53].
The experimental evolution of the power transfers, from the sidebands to the central
pump wave and vice versa, are detailed in Figure 3.9 at the end of the fiber, as a function
of the pump power [53].
Figure 3.9: Normalized optical power of the peak and sidebands at the end of the fiber for different input
pump powers. Inset figures: spectrum for input pump powers of (a) 24.5, (b) 27.8, and (c) 28.8 dBm [53].
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3.3.2 Depletion
Pump depletion refers to the frequency-dependent loss of the pump due to the pump-probe
power transfer. This effect has already been reported in several works [58–61] although it
is Prof. The´venaz et al. who have developed a detailed study of such phenomenon [62].
Depletion can be understood as a gradual power transfer from the higher frequency
wave to the lower one. If we consider a Brillouin gain BOTDA configuration (pump wave
is the pulsed wave and the CW is the amplified probe) the amplitude of the pump pulse
will depend on the pump-probe frequency difference in presence of a cumulated energy
transfer between the interacting waves [62]. As the pump pulse interacts continuously
with the CW signal, this effect will be higher on it than on the CW since it only interacts
with the other wave during the pulse length. Also, this effect will be more severe for the
pump wave at the end of the fiber since the energy transfer is distributed all along the
fiber.
Practically, the described dynamic is translated as an uncontrolled amplitude change
of the pump pulse, which at the same time does not certify a constant pulse power when
the pump-probe frequency difference is scanned. In conclusion, the measured BGS will
be distorted, especially if the central Brillouin gain frequency is shifted with respect to
the gain spectrum in the preceding fiber section, e.g. a temperature difference, fiber
elongation, etc.
The quantity of the suffered depletion (d) can be expressed as [62]:
d =
Pp0 − Pp
Pp0
(3.11)
where Pp0 is the pump power when no Brillouin interaction arises and Pp is the pump
power under maximum Brillouin interaction. For the case of the Brillouin loss BOTDA
the expression for the suffered depletion can be equally employed although d will have a
negative sign.
As it can be seen in Figure 3.10 when a depleted pump wave is employed to scan
the frequency difference (δν) of an inhomogeneous section of fiber, the measured gain
frequency difference will have an error (νe) regarding to the real BGS.
Figure 3.10: Representation of the Brillouin pump depletion when trying to determine the BGS [62]. As
represented on the right-hand figure, depletion causes a shift in the gain peak determination.
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The acceptable depletion coefficient (d) for a given tolerable systematic error (νe) of
the measured Brillouin gain frequency can be expressed through the following expression
if the systematic error is much smaller than the gain spectral width (∆ν) [62]:
dmax =
(1 + 4ξ2)[16ξe2 − (1 + 4ξ2)e]
12ξe2 − 2(1 + 2ξ2)e+ ξ (3.12)
where ξ = δν/∆ν and e = νe/∆ν.
Considering the case of having two probe wave sidebands present simultaneously within
the fiber, as the case of the Sideband Technique explained in subsection 3.2.3, the depletion
factor d will be determined as follows [62]:
1− d = exp
(
gB
Aeff
(PiS − PiAS)Leff
)
(3.13)
where PiS and PiAS are the two probe waves at the gain and loss frequencies at z = L
position, gB is the Brillouin gain and Aeff and Leff are the effective area and length
respectively.
By reversing equation 3.13, the following equation can be obtained:
PiS − PiAS < − ln(1− d) Aeff
gBLeff
L→1
= − ln(1− d)Aeff
gB
α (3.14)
where α is the fiber attenuation.
Equation 3.14 shows that the system does not depend on the CW probe power and also
that it is robust to depletion when two probe wave sidebands with equal amplitude are
present in the fiber at the same time (PiS −PiAS = 0). Also, it can be concluded that for
low attenuations the effect of depletion will be increased (short fibers) and for long fibers
the interaction among the pump and probe waves will be affected by the attenuation,
thus reducing the effect of pump depletion. It is important to note that one of the probe
sidebands should be filtered before detection as the interaction among the pump wave
and both probe sidebands is equal but in opposite amplitude.
The use of a two sideband probe wave has no real limit in terms of depletion, except
the SBS threshold of the two sidebands set on several milliwatts. In case both sidebands
are not totally symmetric, a maximum power difference of 40 µW can be considered under
standard conditions based on the limit provided by equation 3.14 [62].
3.3.3 Acceptable Power Levels
After the study of the MI and depletion phenomena, it can be concluded the acceptable
power levels for long range BOTDA systems so no undesired effects arise. The most
limiting effect when configuring the power level of the pump wave is MI. As seen in
subsection 3.3.1, the limit for the appearance of MI is set below 26 dBm (400 mW), where
the pump signal contains 90 % of the total power. For long range BOTDA systems, >
75 km, the maximum power level is reduced so no MI manifests at all, lowering it until
20-23 dBm (100-200 mW) [47, 63]. This power limit might be lower if SPM is a concern,
as we will show later.
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For the case of the probe wave, as stated in the previous subsection (3.3.2), theoretically
there is no limitation when two symmetric sidebands are employed in the interaction.
Nevertheless, the power level of the probe wave is going to be limited by the SBS threshold.
It is important to consider an unbalance on the two probe sidebands, which could imply
a depletion effect. This arises especially in ultra-long range BOTDA systems, since the
distance that the optical waves must travel is considerable. Long fiber lengths can produce
an unbalance on the waves due to a cascaded SBS process, as it will be addressed in
subsection 4.2.1. In such terms, it has been demonstrated that typically pump depletion
effects can be neglected if the minimum power difference between the Brillouin pump and
probe signal is approximately 10 dB or less than 10 % [42,49,62].
3.3.4 Raman Amplification
One of the most employed techniques in BOTDA technology to enhance the sensing
range is distributed Raman amplification. This technique, based on Stimulated Raman
Scattering (SRS - section 2.7), induces distributed gain along the fiber compensating
mainly attenuation (α) and therefore maintaining the pump and/or probe levels high
enough to ensure sufficient gain. Spontaneous Brillouin scattering sensors have been using
Raman assistance since the beginning of 2000 [64–67], although for standard BOTDA
it was employed for the first time by Rodriguez-Barrios et al. [39] in terms of First-
order Raman amplification and by Martin-Lopez et al. [45] through Second-order Raman
amplification.
3.3.4.1 First-Order Raman Amplification
Distributed Raman amplification is able to generate amplification of the signals within
the fiber as it uses the whole fiber span as an amplifier. This is developed since the energy
coming from one or several high-power CW pumps is transfered to a signal propagating at
longer wavelengths. The characteristic gain curve seen in section 2.7, Figure 2.12, implies
that a Raman pump emitting at 1455 nm (∼ 206 THz) will provide amplification at 1550
nm (∼ 193 THz; 13 THz difference), window at which our developed BOTDAs work.
On the Raman amplification scheme, that can be observed in Figure 3.11, it is possible
to develop three different configurations based on how the Raman pump is introduced
within the fiber:
• Co-Propagating Amplification (X on - Y off on Figure 3.11): When the Raman pump
propagates in the same direction as the pulsed signal.
• Counter-Propagating Amplification (X off - Y on): In this case, the Raman pump
is introduced in opposite direction to the pulsed wave.
• Bi-Directional Amplification (X on - Y on): The pump is introduced on both sides
of the fiber.
50 BOTDA: Principles, Limitations and State of the Art
Figure 3.11: Schematic of the First-order Raman-assisted BOTDA [39]. WDM: Wavelength Division
Multiplexing; FUT: Fiber Under Test; CW: Continuous Wave.
The evolution of the powers of all the signals present on the system (P±P : forward [+]
and backward [-] Raman pump; P±B : Brillouin pump [+] and probe [-]) can be obtained if
the Amplified Spontaneous Emission (ASE) and the Rayleigh backscattering are neglected,
and if the Brillouin pump and probe wave powers are considered small with respect to
the Raman pump wave powers, so that Raman pump depletion is omitted, the obtained
equations are [39]:
dP+P (z)
dz
= −αPP+P (z) (3.15)
dP−P (z)
dz
= +αPP
−
P (z) (3.16)
dP+B
dz
= −αBP+B (z) + gRP+B (z)[P+P (z) + P−P (z)] (3.17)
dP−B
dz
= αBP
−
B (z)− gBP+B (z)P−B (z)− gRP−B (z)[P+P (z) + P−P (z)] (3.18)
where αP is the fiber optic attenuation at the wavelength of the Raman pump (1455 nm)
and αB is the attenuation at 1550 nm. gR and gB are the Raman and Brillouin gain
coefficients respectively. Again, Brillouin pump depletion has been neglected.
The analytical solution of the probe wave is expressed as [39]:
P−B (z) = P
−
B (L) exp
[
P−R (L)gR
αR
− αBL+ αBz − P
+
R (0)gR
αR
exp(−αRL) +
+
P+R (0)gR
αR
exp(−αRz)− P
−
R (L)gR
αR
exp(−αR(z − L))−
−P+B (0)gB exp
(
P+R (0)gR
αR
− P
−
R (L)gR
αR
exp(−αRL)
)
·
·
∫ z
L
exp
(
P−R (L)gR
αR
exp(αR(z − L))− P
+
R (0)gR
αR
exp(−αRz)− αBz
)]
(3.19)
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where it can be concluded that the probe wave has no solution, so it has to be integrated
numerically or making extra assumptions on the non-analytic term. The resultant model
was compared to the experimental results obtained with 75 km and 2 meter resolution,
as shown in the set of Figures 3.12.
(a) No Raman Assistance.
Pulse Peak Power = 6.7 dBm (4.7 mW)
CW Power = -22.8 dBm (5.2 µW)
Raman Pump = - dBm (0 mW)
(b) Co-Propagating Raman Assistance.
Pulse Peak Power = 2.8 dBm (1.9 mW)
CW Power = -27.7 dBm (1.7 µW)
Raman Power = 25.5 dBm (355 mW)
(c) Counter-Propagating Raman Assistance.
Pulse Peak Power = 12.7 dBm (18.8 mW)
CW Power = -36 dBm (0.25 µW)
Raman Power = 24.8 dBm (302 mW)
(d) Bi-Directional Raman Assistance.
Pulse Peak Power = 5 dBm (3.2 mW)
CW Power = -24 dBm (0.4 µW)
Total Raman Power = 27.8 dBm (610 mW)
Figure 3.12: Experimental and theoretical BOTDA gain responses for different First-order Raman con-
figurations: No Raman (a); Co-Propagating (b); Counter-Propagating (c); Bi-Directional (d) [39].
All the results were obtained for SMF and always employing power levels that en-
sure absence of any pump depletion phenomenon or undesired non-linear effects. In the
non-assisted configuration (Figure 3.12(a)), the effect of fiber attenuation decreases the
acquired gain exponentially. Thus, at the far end of the fiber, the contrast is so small
that a large uncertainty in the Brillouin shift determination will occur. This issue, as ex-
pected, can be solved through Raman amplification through the following three possible
configurations. In the case of the co-propagating Raman amplification (Figure 3.12(b)),
the average gain level is decreased although the maximum value is achieved at the 15-20
km. This reduces the impact of attenuation at the end of the fiber and therefore provides
a better SNR. In the third configuration, counter-propagating Raman assistance (Figure
3.12(c)), the maximum gain remains at the beginning of the fiber, although the overall
gain level is considerably increased (it is almost triples the gain levels of the non-assisted
Raman configuration) since the amplification is provided to the CW probe. This scheme
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should be carefully considered since could lead to large pump depletion. Lastly, the bi-
directional amplification configuration Figure 3.12(d) obtains a fairly acceptable and flat
gain level. These last features could be considered the most suitable ones for sensing pur-
poses as the indetermination of the measurement will be similar at every fiber position.
In all three amplified setups, the increase of the noise level is important and should be
carefully treated. It arises from the RIN figure of the RFL (∼ -110 dBc/MHz), and will
be properly addressed in the forthcoming subsection 3.3.5.
3.3.4.2 Second-Order Raman Amplification
Through bi-directional First-order Raman amplification (subsection 3.3.4.1) we have seen
that it is almost possible to yield a quasi-transparent propagation of the amplified signal
in a BOTDA system along 75 km. Such response is really beneficial if employed for
sensing purposes since, as mentioned in the previous section, the indetermination of the
detected inhomogeneity will be similar in all fiber regions. This leads to the idea that
higher order Raman amplification schemes could provide a fully transparent response all
along the fiber length, thus fully reducing the indetermination of the measurement.
The use of higher Raman amplification schemes had already been proposed by Ania-
Castan˜on [68] in order to achieve virtual transparency in optical fibers for telecommunica-
tion applications. This is possible because the gain can be distributed uniformly all along
the fiber which leads to an ideally lossless transmission if the gain is set to match the
losses, as can be observed in the theoretical results shown in Figure 3.13 for 100 km [68].
The simulations are based in a scheme that uses two equal pumps around 1365 nm which
generate a stable pump at 1455 nm through a cavity created among two gratings located
at 1455 nm. The new wavelength at 1455 nm has a nearly constant combined forward
and backward propagating power which will provide an almost constant gain at 1550
nm [68]. This configuration has already been tested experimentally in BOTDA systems
by Martin-Lopez et al. [45] developing a Second-order Raman amplification configuration
over 50 and 100 km.
Figure 3.13: Signal, First- and Second-order Raman pump power evolution in a 100 km cell length [68].
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The Second-order Raman amplification scheme is shown in Figure 3.14. In the cited
setup, the Raman pump has an emitting wavelength of 1365 nm (∼ 219 THz) which is
introduced on both sides of the BOTDA fiber ends. The FBGs located at the entrance
of the fiber are configured so that the central wavelength is located at 1455 nm, hence
a stable secondary pump will be generated at 1455 nm (∼ 206 THz; 13 THz difference)
in the cavity through Raman lasing. This new wavelength presents a nearly constant
power distribution all along the fiber, which at the same time will induce a fairly stable
distributed Raman amplification at 1550 nm (∼ 193 THz; 13 THz difference).
Figure 3.14: Schematic of the Second-order Raman-assisted BOTDA [45]. WDM: Wavelength Division
Multiplexer; FBG: Fiber Bragg Grating; FUT: Fiber Under Test; CW: Continuous Wave.
The behavior of the system can be mathematically described, in a similar way to
the First-order Raman amplification system 3.3.4.1, where the analytical solutions are
expressed through the following set of equations [45]:
dP±R1(z)
dz
= ∓α1P±R1(z)∓ gR12
ν1
ν2
P±R1(z)·
·
(
P+R2(z) + P
−
R2
(z) + 4hν2∆ν2
(
1 +
1
exp(h(ν1 − ν2)/kBTabs)− 1
))
±
± r1P∓R1(z)
(3.20)
dP±R2(z)
dz
= ∓α2P±R2(z)∓ gR2B
ν2
νS
P±R2(z)(P
+
B (z) + P
−
B (z))±
± gR12
(
P±R2(z) + 2hν2∆ν2
(
1 +
1
exp(h(ν1 − ν2)/kBTabs)− 1
))
·
· (P+R1(z) + P−R1(z))± r2P∓R2(z)
(3.21)
dP±B (z)
dz
= ∓αBP±B (z)± gR2B
ν2
νB
P−B (z)(P
+
R2
(z) + P−R2(z))− gBP+B (z)P−B (z) (3.22)
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where + and − denote forward and backward propagation and also the pump and probe
waves for PB in a Brillouin Gain configuration. R1 and R2 identify the First- and Second-
order Raman pumps, νi and ∆νi the frequency and bandwidth for the Brillouin (i = B),
First- (i = 1) and Second-order (i = 2) Raman pumps, αi is the fiber attenuation at
each wavelength, r1 and r2 are the double Rayleigh scattering coefficient of the fiber at
each Raman frequency and gRx is the Raman gain coefficient at each Raman transition
(when x = 12 it means First- Second-order transition and x = 2B Second-order Brillouin
transition). Finally, h is Planck’s constant, KB Boltzmann’s constant and Tabs the absolute
temperature. Quantum noise needs to be taken into account in this case as no signal is
present in the fiber at 1455 nm in the initial conditions.
The evolution of the signals present on the proposed interaction is obtained by solving
numerically equations 3.20, 3.21 and 3.22 with the corresponding boundary conditions.
Also, some assumptions have been made based on the experimental conditions, such as 25
◦C room temperature, typical gain and attenuation values for SMF, depolarized pumps
and 0.5 nm reflection bandwidth FBGs [45].
In the results shown in Figure 3.15, it can clearly be seen the beneficial effect of the
Second-order Raman configuration in BOTDA measurements. It compares the standard
BOTDA gain trace (red line) for 50 km with a fully transparent theoretical and experimen-
tal Second-order Raman-assisted output (blue and green lines respectively). The dotted
black trace corresponds to the theoretical response of First-order Raman amplification.
Figure 3.15: Experimental and theoretical BOTDA gain responses for different fiber lengths in a Second-
order Raman-assisted scheme [45]. Pulse Width=40 ns; Pulse Peak Power=8.7 dBm (7.5 mW); CW
Power=-31.5 dBm (0.7 µW); Co- and Counter-propagating Raman Pump=23.7 dBm (235 mW).
If a comparison is developed between the measured BFS for 75 km with First-order
Raman amplification and 100 km with Second-order Raman amplification, it can be seen
how the RIN transfer in the Second-order scheme is higher although it keeps constant
(±3 MHz) all over the sensing distance, which considerably reduces the uncertainty of
the measurement. Therefore, on both First- and Second-order assistance schemes RIN
transfer has been identified as a major limitation. This issue will be addressed in more
detail in the forthcoming subsection 3.3.5.
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3.3.5 RIN Transfer
Several works have identified RIN transfer [69] as a major limitation in Raman amplified
fiber telecommunication systems [70–72]. Obviously, this phenomenon has also a deleteri-
ous effect in Raman-assisted BOTDA systems, especially when increasing the monitoring
distance. Therefore, in this section, we will analyze more deeply the effect of RIN trans-
fer on the performance of long range BOTDA sensors, regarding First- and Second-order
Raman pumping schemes.
The main issue of the RIN noise on BOTDA systems relies on the fact that the fluc-
tuations of the pumping elements, either First- or Second-order, lead to time-dependent
variations on the gain of the signal and are imprinted on the BOTDA probe [73]. The
RIN is defined as the ratio of the time-averaged mean square value of the power fluc-
tuations to the squared average power of the particular spectral component [70, 73–75].
The spectral distribution (in the electrical domain) of the pump-to-signal RIN transfer,
monitored through the RIN transfer function is defined as:
H(ω) =
∣∣∣∣∣RINOutSignal(ω)RIN InPump(ω)
∣∣∣∣∣ (3.23)
where the corresponding RIN spectra are calculated from the ratio of the squared spectral
density of the amplitude noise to the squared average power of each component [73].
Based on the RIN transfer model developed in [70], it is possible to extrapolate the
behavior to our BOTDA schemes in order to quantify the RIN transfer as a function of
the pump power for different pumping schemes as a function of the the signal frequency
within the detection bandwidth (∼ 100 MHz). Figure 3.16 shows a simulation of the RIN
transfer of a First-order Raman amplification scheme at 1455 nm for 100 km standard
SMF. In Figure 3.16(a) it is represented the behavior of the noise transfer for the possible
three different configurations, bi-directional, co- and counter-propagating, when the pump
sources are configured with 21.7 dBm (150 mW). Figure 3.16(b) simulates how the bi-
directional configuration, the most employed scheme in our experimental developments,
behaves at different pumping powers [42].
(a) First-order RIN transfer representation over
100 km as a function of the Raman pump power.
(b) Co- and Counter-propagating First-order RIN
transfer for 21.76 dBm (150 mW) and its equivalent
combination 24.77 dBm (300 mW).
Figure 3.16: Theoretical representation of the First-order RIN transfer on BOTDA systems [42].
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As expected, the logarithmic RIN transfer increases very rapidly with power. In the
bi-directional configuration, the RIN transfer curve shows a low-pass shape with two
characteristic cutoff frequencies, one in the kHz range and the other in the tens of MHz
range. As shown in Figure 3.16(b), the shape of the RIN transfer curve can be seen as the
vector sum of the co- and counter-propagating cases, where the counter-propagating one,
always with respect to the probe wave, shows a much lower cutoff frequency. This agrees
well with the intuitive picture of co-propagating amplification, in which the pump and the
signal travel with similar group velocities, favoring RIN transfer over a wider frequency
range. The main limitation in terms of noise in this configuration is thus imposed by the
pump power co-propagating with the probe.
Dealing with the Second-order Raman amplification scheme, based on the work de-
veloped by Alcon-Camas et al. [73], it is possible to develop the configuration already
presented in subsection 3.3.4.2, where there are unique Raman sources at 1365 nm that
generate a 1455 nm pump through FBG located at that very wavelength, but also to
introduce at the same time trough WDMs two different pumps at 1365 nm and at 1455
nm. That configuration is very similar to the one that will be described in section 4.4.
Figure 3.17 shows how the noise transfer behaves for the cited two configurations for
pumping conditions similar to the ones represented in Figure 3.16(a) [73]. Figure 3.17(a)
represents the amount of RIN transfer at different frequencies for 50 km fiber span and
Figure 3.17(b) for different fiber lengths until 100 km.
(a) Second-order RIN transfer representation
over 50 km for two different pumping schemes: a
unique 1365 nm pump and a combination among
a 1365 nm and a 1455 nm pump.
(b) Second-order RIN transfer as a function of
distance for the same two configurations cited in
sub-figure (a).
Figure 3.17: Theoretical representation of the Second-order RIN transfer on BOTDA systems [73].
As it happened with the First-order RIN transfer, the curve from Figure 3.17(a) has
a low-pass appearance with a unique cutoff frequency in the kHz range. As compared,
the configuration with FBGs has a greater noise level compared to the one that uses both
pumps at 1365 nm and 1455 nm. The unusual behavior of the oscillations in the cavity
scheme can be attributed to a combination of the presence of peaks corresponding to the
cavity round-trip and the fact that oscillations in the backward-propagating components
are reinforced due to the boundary confitions set by the FBG reflectors, which feed them
back into the cavity [73]. If we want to extrapolate the obtained simulations to our range
expectations (> 75 km) we can observe on Figure 3.17(b) that as long as the distance
increases, the RIN transfer grows too.
In conclusion, considering a typical RIN value of First- and Second-order Raman lasers
of -110 dBc/Hz, the expected Root Mean Square (RMS) noise in this case is foreseen to
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be in the order of 10−3, which is in the same order as the gain to be measured. As one
increases the Raman pump power, the overall RIN increases too as a function of the pump
power, as observed in Figures 3.16(b), as well as a function of the measuring distance,
Figure 3.17(b). The growth of RIN transfer is thus faster than the achieved gain. Hence,
the use of Raman amplification should be limited to the point of overcoming the detection
issues. To avoid RIN issues it is possible to employ low-RIN pumps, e.g. semiconductor
lasers, like the setup described in [49] by Soto et al. or pump just up to the point of
making the signal visible within the range of the detection setup.
3.3.6 Pulse Coding
Together and correlative to the distributed Raman amplification technique (subsection
3.3.4), it has been widely studied the so called Pulse Coding technique to enhance the
SNR on BOTDA systems and consequently its sensing range. The use of optical coding
as a SNR enhancer is not recent since it has been developed since the middle 1970s from
the work performed by Moharir et al. [76]. The breakthrough was achieved by Jones [77]
when employing Simplex codes (S-codes) to enhance the sensitivity of OTDRs, since
it considerably improved the signal dynamic range. The transition of this technique to
different time domain sensing techniques has been widely developed and exploited by Soto
in his thesis dissertation [14], and tried for the first time in a BOTDA sensor over 50 km
with 1 meter resolution [40].
The S-codes have a linear nature (see Figure 3.18), which in principle could denote
an impossibility to be applied in non-linear systems such as distributed Brillouin Gain
sensors. Nevertheless, as we already know, the interaction length in BOTDA systems is
very short (tens of ns) and consequently the gain achieved quite small. This characteristic
makes the Brillouin gain to be considered linear. This assumption implies that the linear
dependence of ∆ICW (as expressed in equation 3.10) with the pump intensity (Ip(z
′,∆ν))
can increase the SNR through the use of linear optical pulse coding [77–79], such as the
S-codes, without varying the spatial resolution. When using any coding technique, the
interaction length will now be the code length (Lc), which is translated to the S-code as
the bit number. Therefore, the CW intensity will be expressed as [48]:
∆ICW (t,∆ν) ∝
Lc∑
i=1
∫ vgt/2+i∆z
vgt/2(i−1)∆z
gB(z
′,∆ν)Ipi(z′,∆ν)dz′ (3.24)
where i denotes the bit number position (i ∈ [1, Lc]). Based on equation 3.24 it can be
concluded that the measured ∆ICW will correspond to a linear combination of the fiber
response to pump signal pulses composed through the S-code. Consequently, the S-coded
BOTDA traces will be represented as [48]:

η1(t)
...
ηi(t)
...
ηLc(t)
 = S

Ψ1(t)
...
Ψi(t)
...
ΨLc(t)
+

e1(t)
...
ei(t)
...
eLc(t)
 (3.25)
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where S is the S-matrix [80], ηi(t) is the ith coded-BOTDA trace, Ψi(t) is the single-pulse
BOTDA trace delayed and ith multiple of the bit with respect to Ψ1(t) and ei(t) is the
amplitude of the uncorrelated zero-mean noise added to each coded-BOTDA trace. The
decoding process is developed through the following relationship [48]:

Ψ̂1(t)
...
Ψ̂i(t)
...
Ψ̂Lc(t)
 = S
−1

η1(t)
...
ηi(t)
...
ηLc(t)
 (3.26)
where Ψ̂i(t) is the estimated single-pulse BOTDA trace Ψi(t). A graphical example of
a S-code transform technique using a S-matrix of order 3 can be seen in the following
picture:
Figure 3.18: Example of the S-code transform using a S-matrix of order 3 [80].
The estimated single-pulse BOTDA traces are afterwards inversely time-shifted and
averaged, and the obtained final decoded trace has an enhanced SNR compared to the
same BOTDA trace obtained with a single-pulse. The coding gain (gcod) is expressed
as [48]:
gcod =
Lc + 1
2
√
Lc
(3.27)
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With this SNR enhancement, there will be an improvement of the local frequency error
(σν), that comes determined by [81]:
σν =
1
SNR
√
3
4
δ∆νB (3.28)
where δ represents the frequency sampling step. Actually, the expression is subject to
the condition that δ << ∆νB, which is equivalent to require a large number of frequency
sampling points (δ ≥ 3) [81].
The SNR enhancement is notably represented in the results obtained by Soto et al. [40]
and depicted in Figure 3.19. Employing a 511 bit S-code the signal to noise ratio is
increased in more than 10 dB.
Figure 3.19: Experimental comparison of the results obtained with a simple pump pulse BOTDA and a
S-code system [40].
3.4 Resolution Increase
If in terms of sensing range the logic path to follow can be focused on increasing the
power levels of the signals present within the fiber, when talking about resolution, as
we already know, it directly depends on the width of the employed pulses as shown in
equation 3.1. Once again, this is not as trivial as it seems. The real resolution limit will
be related to the phonon lifetime (subsection 3.2.2). Together with the pulse width, it is
important to take into account the SPM induced on the Brillouin pump signal, which is
going to be broadened as a function of the distance. These effects limit the resolution for
long range systems to approximately 2 meters. To overcome such limitations it will be
necessary to apply techniques to avoid such restrictions. In this thesis dissertation it was
employed the DPP technique [82], since its features allow it to be employed in long range
BOTDA systems. As done in the previous section (3.3), before explaining in detail the
DPP technique, a study of the pulse width reduction and SPM effects will be provided.
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3.4.1 Pulse Width Reduction
As cited several times, the resolution of a BOTDA comes determined through the width
of pulses employed in the pump signal. It would be logic to think that the shorter the
pulses, the higher the resolution will be, as far as the bandwidth of the receiver is wide
enough.
Unfortunately, Brillouin sensors are limited in terms of resolution due to the acoustic
phonon lifetime within the fiber (τp). This constant equals approximately 6 ns [16], and
implies a limit to the spatioal resolution ∼ 1 meter. Obviously, to obtain sub-metrical
resolutions it would be necessary to employ pulses below 10 ns, but in such circumstances
the acoustic wave would not fully respond to the optical excitation of the pulses. In the
frequency domain, the gain/loss experienced by the CW will broaden and lose efficiency
as a consequence of the convolution between the BGS and the spectrum of the pulse
itself [83], as can be seen in Figure 3.20.
Figure 3.20: Experimental results of the spectral pump pulse broadening effect when reducing its temporal
width [83].
Therefore, assuming a perfectly rectangular pulse with T0 duration, this new convolu-
tion can be expressed as:
gB(∆ν) = 2 exp(−pi∆νBT0)[cos(pi∆νBT0)− cos(2pi∆νBT0)]gB(∆ν) (3.29)
where ∆νB is the BGS linewidth and gB(∆ν) is the local BGS (2.86). Since the Lorentzian
spectrum is replaced by the new gB(∆ν), when pulses shorter than 10 ns are employed their
spectral width will be similar to the natural BGS [83], which leads to two main drawbacks
on the BOTDA performance. Firstly, the Brillouin peak is reduced and consequently the
CW gain contrast and the SNR of the BOTDA are decreased. Secondly, the spectral
broadening of the measured BGS increases the uncertainty of the BFS determination
which is translated as a larger uncertainty in the measurement.
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3.4.2 SPM on BOTDA Systems
The precision of the measured variable in a BOTDA system (strain or temperature), can
be linearly scaled with the spectral broadening of the effective gain, which is roughly
obtained from the convolution among the pulse spectrum and the natural Brillouin gain
spectrum. As already cited in subsection 2.4.1.1, SPM produces small phase chirps dur-
ing intensity transitions in the pulses (leading and trailing edges) [84]. The frequency
broadening associated to the phase modulation produces a reduction in the gain peak
and uncertainties in the BFS determination. The SPM-induced spectral broadening of
the pulses already had been reported in different works on coherent optical time-domain
reflectometer systems [85, 86] but it was Foaleng-Mafang et al. who reported it for the
first time in BOTDA systems [84].
SPM (phenomenon explained in subsection 2.4.1.1) is a consequence of the Kerr effect
in fiber. Kerr effect produces an intensity dependent refractive index, causing the optical
pulse to self-modulate its own optical phase as a function of its intensity profile. Since
the pulse creates a time varying refractive index, this also produces a time dependent
variation of the non-linear phase (φNL), which is translated as instantaneous frequency
variations all along the pulse, which can be expressed as [84]:
∆ω(t) =
dφNL(z, t)
dt
= −n2 ω
c0
z
dI(t)
dt
(3.30)
Equation 3.30 shows that signals which constantly change their temporal transitions
will suffer more from SPM. Therefore, theoretically, a rectangular pulse with constant
intensity and instantaneous transitions, will show no pulse broadening (∆ω(t) = 0). An
interesting pulse in terms of spectral efficiency is the Gaussian shaped pulse. This contour
varies constantly in intensity, but shows the best time-bandwidth product, thus the best
time-frequency resolution [84]. A Gaussian envelope’s intensity can be expressed as:
I(t) =
∣∣A exp(−t2/τ 2) |2 = I0 exp(−2t2/τ 2) (3.31)
with a 1/e width τ . Therefore the instantaneous frequency chirp imposed on the Gaussian
pulse by SPM based on equation 3.30 shows the following expression [84]:
∆ω(t) = 4n2
ω
c0
zI0
t2
τ 2
exp(−2t2/τ 2) = 4γzP t
τ 2
exp(−2t2/τ 2) (3.32)
where c0 is the vacuum light velocity, ω is the central angular frequency of the optical
pulse, I0 and P are the peak intensity and the peak power respectively and γ is the
non-linearity factor described in equation 2.45. As we already know, in a long fiber, the
distance z = L should be replaced by the effective length of the fiber Leff (equation 2.47).
With all the previous statements, and considering τmax = T0/
√
8 ln 2, it can be con-
cluded that the maximum frequency variation of the instantaneous frequency is [84]:
∆ωmax = 1.43
γPLeff
T0
(3.33)
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For typical long range BOTDA systems (γ = 1W−1km−1, P = 100 mW, Leff = 20 km
and T0 = 10 ns), the value of ∆ωmax rounds 2pi · 29 MHz, which is close to the Brillouin
natural linewidth.
Based on the previous assumptions, the frequency spectrum of the Brillouin gain
linewidth after experiencing SPM can be obtained through the Fourier transform of the
convolution between the real pump source spectrum after SPM (gSPM(∆τ)) and the nat-
ural BGS. The suffered SPM by the pump pulse can be obtained by computing the pulse
spectrum evolution along the fiber, considering the time origin always at the pulse center,
and it is expressed as [84]:
gSPM(∆ν) = FT
 A exp(−t2/τ 2)︸ ︷︷ ︸
Gaussian amplitude term
exp[iγLeffP exp(−2t2/τ 2)]︸ ︷︷ ︸
SPM term
 (3.34)
As we have seen, the detrimental effect of SPM depends on the pulse shape and
duration, but also depends on the power of the employed pulsed signal. Therefore, it is
important to consider SPM as a drawback when enhancing the sensing range of a BOTDA
system, although in this case it has been included within the Resolution Increase section
due to its dependence not only with the power levels but with the shape and size of the
employed pulses.
The next figures will show how SPM broadens the Brillouin gain spectrum in an
experimental setup developed by Foaleng-Mafang et al. [84] for different pulse powers and
widths along 25 km of SMF.
(a) Gaussian pulse peak power relationship on
Brillouin gain broadening due to SPM.
(b) Gaussian pulse width relationship on Brillouin
gain broadening due to SPM.
Figure 3.21: Experimental results of SPM on BGS width at the beginning and end of 25 km SMF as a
function of the peak power and the inverse pulse width [84].
As seen in Figures 3.21(a) and (b), when the employed pulse has a Gaussian shape, as
expected, the BGS broadens as long as the fiber length increases. It also increases with
higher peak power and smaller pulse width. Therefore, it can be concluded that SPM
spoils the performance of long range and high resolution BOTDA systems. When trying
to increase the resolution of the system it is important to have in mind the effect of SPM
since below 20 ns (0.05 ns−1) the effect starts to become more detrimental.
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Based on the theory, the use of rectangular pulses should avoid all the cited effects.
As seen in Figure 3.22 it has been experimentally demonstrated by Foaleng-Mafang et al.
such statement. Unfortunately, in some occasions it is impossible to retrieve completely
rectangular pulses, that is why SPM needs always to be taken into account when dealing
with high resolution BOTDA systems.
Figure 3.22: Experimental and theoretical representation of the comparison of SPM for rectangular and
Gaussian pulses [84].
3.4.3 Differential Pulse-width Pair Technique
As mentioned in subsection 3.2.3 the natural resolution limit of a BOTDA lays on two
times the phonon lifetime (τp ∼ 6 ns). Several applications require the monitorization
of long range structures with resolutions below the meter (e.g. crack control in large
structures), which involves the necessity of developing resolution increase techniques [87].
In the last years several techniques have been developed, such as the dark pulse
technique [88], the dynamic grating technique [89], the differential pre-excitation tech-
nique [90], the Brillouin echoes [16, 91–93] and the DPP technique [82, 94, 95]. They are
all based on the pre-excitation of the acoustic wave in order to avoid the phonon lifetime
limitation. From the previous techniques the most proper in terms of application to long
range systems is the DPP technique since it is based on the subtraction of gain traces
obtained with slightly different pulse widths, which will have a duration much longer than
the phonon lifetime (typically 4-6 times larger). Due to this procedure, the impairments
due to SPM are also avoided.
The general solution of the acoustic wave (Aa(z, t)) can be expressed as [82]:
Aa(z, t) =
1
2
ΓB1gB exp(−ΓBt)
∫ t
0
Ep(z, t
′)E∗S(z, t
′) exp(ΓBt′)dt′ (3.35)
where Ep and ES are the amplitudes for pump and Stokes wave respectively, ΓB is the
damping coefficient of the acoustic wave and ΓB1 is the damping time of the phonon field
(ΓB1 = 1/2τp).
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Based on the expression obtained in equation 3.35, it can be concluded that when two
Brillouin gain curves are obtained through two different pulse-width signals (τ and τ+δτ),
the common term will be removed and the inhomogeneous section will manifest [82]. The
schematic representation of such dynamic is shown in Figure 3.23, where I(0, t, τ) and
I(0, t, τ + δτ) indicates the temporal Brillouin gain at z = 0 obtained with differential
pulse widths (τ and δτ), and I(0, δτ) designates the difference between them. As stated
previously, the subtraction among the Brillouin gain signals will show a section equivalent
to the pulse width difference (δz = cδτ/2) [82].
Figure 3.23: Working principle of the DPP technique in BOTDA systems to obtain high resolution
measurements [82]. It is appreciable how the resulting resolution is determined by the difference among
the obtained gain curves with different pulse widths.
3.5 Summary
All along this chapter it has been reported the essentials of the BOTDA technique as well
as its limitations when improving its performance in terms of range and resolution.
Since range increase is directly linked to a raise of the power levels of the signals inter-
acting within the fiber, it is important to control their amplitude so MI and/or depletion
do not arise. The limit for the pump wave will be set by MI to 20-23 dBm (100-200
mW) [47,63] and the probe wave will be restricted in terms of spontaneous Brillouin scat-
tering as well as depletion, considering acceptable a minimum power difference between
the pump and probe waves of approximately 10 dB or less than 10 % [42, 49, 62]. The
proposed and described techniques to overcome such issues are Fisrt- and Second-order
Raman amplification and pulse coding.
Resolution will be fully defined by the width of the employed pump pulses. The
natural resolution restriction for standard BOTDA systems is set by the phonon lifetime,
10 ns (see section 3.4), which equals to a determination of 1 meter. In long range BOTDA
systems, the width of the pulses will also be limited by SPM, which in return increases the
maximum acceptable width to approximately 20 ns or 2 meters or requires very square-
shaped pulses. To be able to increase the resolution of long or ultra-long BOTDA schemes
a pre-excitation of the acoustic wave is necessary. The DPP technique has been described
as a simple method to achieve this purpose.
Chapter 4
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4.1 Introduction
In section 3.3, it has been detailed the obstacles that a standard Brillouin Optical Time
Domain Analysis (BOTDA) faces when increasing its sensing range. As cited, the main
issue is based when increasing the power levels of the signals interacting within the
fiber since non desired phenomena such as Modulation Instability (MI) (subsection 3.3.1)
and/or depletion (subsection 3.3.2) arise. Therefore, it is necessary to employ assistance
techniques so that longer distances are achievable; Raman amplification (subsection 3.3.4)
and/or pulse coding (subsection 3.3.6) in this case. In this chapter we will detail the
experimental works developed all along this thesis dissertation based on range increase
techniques, where both First- and Second-order Raman amplification techniques where
employed as well as pulse coding.
When developing BOTDA systems, it is important to take into account some aspects
that arise within the experimental setup that provide the gate to obtain optimum results.
The first one, is the proper determination of the power levels of all the signals within
the fiber. It is evident that when targeting extremely long distances the power levels of
the signals interacting should be increased, although a non-controlled raise could provoke
the appearance of undesired effects, such as MI or pump depletion, that spoil the proper
performance of the system. Together with the power levels, it is important to control
the Extinction Ratio (ER) of the employed pump pulses since if pump power is leaked
when the pulse is supposed to be switched-off, even if the escape is small it will distort
the retrieved signal due to the long fiber length employed. Lastly, it is determinant to
control the Relative Intensity Noise (RIN) transfer from the employed Raman pumps to
the detected signals. This issue will be addressed in the next chapter 5, since it has been
identified as a major limitation in long range Raman-assisted BOTDA systems.
4.2 Analysis of Requirements
In order to provide better understanding of the processes happening in the proposed
systems, First- and Second-order Raman amplifications, it will be necessary to develop
numerical simulations of the procedure. For that intention, it is necessary to consider
all the signals present in the interaction; two symmetrical probe wave sidebands (which
ensure robustness to to pump depletion as explained in subsection 3.3.2), a pump wave
together with a certain amount of leakage (which also involves power transfer among the
probe wave sidebands and consequently the real pump depletion) and the set of Raman
pumps (co- and counter-propagating) for each First- or Second-order pumps. Therefore,
the whole system could be defined through steady-state equations, considering absence of
Rayleigh scattering, spontaneous Raman scattering and pump depletion. The consequent
set of equations has already been addressed in subsections 3.3.4.1 and 3.3.4.2 for First-
and Second-order Raman systems respectively.
In case a unique probe wave sideband is considered, it could be plausible to develop
a semi-analytical evaluation of the systems, which provides a first-hand estimation of
the adequate power levels needed. Also, it is possible to apply the same supposition
to the necessary ER of the pump pulses, since the developed treatment is for signal-
to-background, which is comparable to a probe wave sideband unbalance in case two
sidebands are present.
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4.2.1 Power Levels
In the proposed systems, Self-Phase Modulation (SPM) will probably set the limit of
the employed power levels of the pump pulses before MI becomes dominant. This arises
since our pulse shaping methods provide far from squared pulses. As stated in subsection
3.4.2, SPM leads to small phase chirps during intensity transitions in the pump pulse that
eventually become important in long fiber systems. The frequency broadening associated
with this phase modulation leads to a reduced peak gain and uncertainties in the deter-
mination of the Brillouin shift, but leaves the temporal intensity distribution of the pump
pulse unchanged, hence the spatial resolution is preserved.
Considering a Gaussian pulse, the peak excursion of the instantaneous frequency will
be given by equation 3.33 (∆ωmax = 1.43γPLeff/T0). For a perfectly transparent setup,
the effective length should be replaced by the physical length of the fiber. A good contrast
can be preserved along the fiber by bounding the maximum broadening to 10 MHz, so
in the perfectly transparent case, this limits the pump power to approximately 1.46 dBm
(1.4 mW). In a non-assisted configuration, the power limit to avoid significant spectral
broadening in the pump could remain at approximately 7.78 dBm (6 mW).
In terms of the probe wave, the most limiting phenomenon is depletion. Even though
the analytical model developed in subsection 3.3.2 is not adapted to the Raman-assisted
case, we can have an idea of the required parameters in our system by comparing the
conventional case and the case of perfect transparency. The fraction of power lost by
the pump through depletion can be directly calculated from the theoretical Brillouin loss
induced by the probe, therefore, based on equation 3.11, depletion can be expressed as [42]:
d = 1− exp
(
− gB
Aeff
P−B (L)Leff
)
(4.1)
where gB is the Brillouin gain coefficient and Aeff is the effective area of the fiber. The
expression comes from the fact that the gain on the probe can be considered negligible in
all cases. For a perfectly transparent setup, we can obtain a similar expression by simply
replacing Leff by L. We can now set the acceptable depletion to values below 10 % which
has been proven to give acceptable frequency errors below 1 MHz [62]. For typical fiber
characteristics (gB = 5 · 10−11 m/W, Aeff = 70 µm2) and L = 100 km, we can infer that
the power levels should be in the order of 1 µW or below in the perfect transparency
Raman-assisted configuration, while it is possible to reach up to 7 µW in the conventional
non-assisted setup.
In long fiber configurations, high Continuous Wave (CW) probe power levels could
produce a problem related to the CW interaction of the two probe sidebands and their
respective spontaneous Brillouin scattering components. In particular, when the CW
probe power increases beyond the threshold of amplified spontaneous Brillouin scattering,
the energy transferred from the probe waves to their respective Stokes components could
strongly unbalance the power among the two sidebands, as illustrated in Figure 4.1, where
the energy transferred from the high frequency probe sideband to its Stokes component (at
the pump wavelength) is expected to be transferred to the lower-frequency probe sideband,
which in turn transfers energy to the lowest Stokes component. This also reinforced the
fact that the ER has to be high in order to avoid this cascaded process.
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In our sensing schemes, depletion will be produced on the probe sideband at higher
frequency, while the lower-frequency sideband would not be significantly affected due to
Brillouin gain/loss compensation. This cascaded energy transfer might quickly unbalance
the power of the two probe waves, and thus compromise the robustness of the two-sideband
probe technique against pump depletion within the useful sensing fiber section [62].
Figure 4.1: Power imbalance resulting from the stimulated Brillouin scattering process occurring in a very
long fiber when two high-power probe sidebands are employed. At the same frequency as the first Stokes
component (initiated from spontaneous Brillouin scattering) the pump leakage is is present too [47].
4.2.2 Extinction Ratio - ER
In conventional BOTDA setups, the Brillouin pump pulse is obtained by external modula-
tion of a master laser using an Electro Optic Modulator (EOM) [32]. When the modulator
receives the logical low part of the pulse on its input, also known as the “off” state of the
EOM, a certain amount of pump power is released which comes characterized by the Ex-
tinction Ration (ER) of the modulator. Even though this leakage is small, it may have a
very significant impact on the measurement when targeting long ranges (> 75 km) and
high resolutions (≤ 2 meters). The employed pulse train has a temporal width of tens
of ns, which determines a spatial resolution of meters (see subsection 3.4), and a repe-
tition rate of hundreds of Hz or few kHz, which ensures that two pulses are not present
at the same time within the fiber and therefore distorting the measurement. The cited
pulse train structure is the reason why the liberated CW power by the modulator has to
be many orders of magnitude smaller since the gain created by this CW background is
distributed along the whole fiber length (≥ 100 km in this case) while the amplification
created by the pump pulse remains limited to the resolution of the measurement.
In long and ultra-long range BOTDA systems the retrieved gain is considerably small,
so the nonideality of the proposed case (CW leakage) can be treated as a superposition
of the ideal case (short pulse with infinite ER) with a CW background generated by
the continuous amplification of the probe by the CW background of the pump. Using
the analysis performed in subsection 3.3.4.1 for the Raman amplification configuration
[39] we can only quantify the Signal to Background Ratio (SBR) numerically. However,
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the requirements in terms of ER can be easily understood by comparing a conventional
setup and a perfectly transparent Raman amplification configuration, which consists in
an arrangement with effectively zero loss (subsection 3.3.4.2 [45]).
For a conventional setup, the worst case of SBR is obtained in the far end of the fiber,
where the pump is more attenuated, and is given by [42]:
∆P−B |pulse
∆P−B |leak
=
∆z exp(−αL)
κLeff
(4.2)
where ∆P−B is the detected change in probe wave power, α is the fiber attenuation, κ is
the ER of the modulator, ∆z is the pump pulse length, L is the fiber length and Leff
is the effective length, as defined in equation 2.47. In the aforementioned expression, we
have assumed that the change on the Brillouin probe is small in all cases and that the
fiber is perfectly homogeneous. Obviously, for the best results, this contrast should be
made as high as possible, although a good trade-off can be obtained by setting this ratio
to ≥ 1. For a conventional 20 km setup with 2 m resolution and α = 0.2 dB/km, the
previously stated expression implies ERs already in the order of 40 dB, which are still
attainable with conventional EOMs.
As mentioned before, we cannot find analytically this ratio in a Raman-assisted con-
figuration. However, for comparison, we can find a similar expression for a perfectly
transparent fiber, regime very similar to the Second-order Raman amplification configu-
ration demonstrated in subsection 3.3.4.2 [42]:
∆P−B |pulse
∆P−B |leak
=
∆z
κL
(4.3)
An analysis of this expression shows that Raman assistance is less stringent in terms
of ER requirements. For comparison, with the same criterion as before, a 100 km setup
with 2 m resolution requires ERs of 47 dB in the case of perfect Raman amplification
(complete transparency) and 60 dB in the conventional non-assisted case. These values are
anyway not standard in EOMs, although possibly attainable in Acousto Optic Modulators
(AOM) [96]. The improvement in this issue in the case of Raman assistance comes from
the fact that the contrast is kept constant along the fiber, while it diminishes toward the
fiber end in regular setups.
As we will see in the first developed experimental setup, it is possible to significantly
enhance the SBR by introducing a Non-linear Optical Loop Mirror (NOLM) after the
modulator to enhance the ER of the pulses [97]. As stated previously in subsection 3.3.4.2,
this device works as a saturable absorber where the transmission grows with the power. In
the working range, the output of this device scales with the cube of the input power [98],
leading in theory to a tripling of the ER in dBs. In practice, however, the achieved ER is
limited due to Rayleigh scattering and other non-ideallities to approximately 60 dB.
Another important aspect regarding ER lays on the fact that the wavelength of the
pump pulses equals the wavelength of the ‘Stokes 1” component present in Figure 4.1.
Therefore, is a perfect ER is not achieved, in long range BOTDA systems the depletion
issue addressed in the previous section will be reinforced degrading the performance of
the setup.
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4.3 First-Order Raman-Assisted BOTDA
In the work developed by Rodriguez-Barrios et al. in [39], a complete study of a First-
order Raman-assisted BOTDA scheme was presented over 75 km of sensing distance with
2 meter resolution. In that very work the gate for extending the range until 100 km was
kept open although, as expected, it would be necessary to overcome the addressed analysis
of requirements first (section 4.2) so the target 100 km range is achieved.
4.3.1 Experimental Setup
The employed setup for this work is depicted in Figure 4.2, and it is similar to the
one reported by Rodriguez-Barrios et al. in [39]; however, this one has a couple of key
improvements in the pulse generation setup and the Raman pump tuning. In all the
developed setups of this thesis dissertation, the pump and probe waves are generated with
a controlled frequency difference from a unique source that is split and modulated [32] so
any frequency disturbance on the master source does not affect the frequency difference
between the pump and probe signals. In this particular case, the master source of our
BOTDA is a 6 dBm (4 mW) Laser Diode (LD) (∼ 1 MHz linewidth), which emits at
1553.59 nm.
Figure 4.2: Schematic representation of the experimental setup of the 100 km BOTDA system [42]. LD:
Laser Diode; I&T: Current and Temperature; PC: Polarization Controller; PI: Proportional-Integrator;
RF: Radio Frequency; EDFA: Erbium Doped Fiber Amplifier; VOA: Variable Optical Attenuator; FBG:
Fiber Bragg Grating; WDM: Wavelength Division Multiplexer; FUT: Fiber Under Test; NOLM: Non-
linear Optical Loop Mirror; PS: Polarization Scrambler.
The pump wave is pulsed with 30 ns pulses, which are amplified by an Erbium Doped
Fiber Amplifier (EDFA) which will produce an optically Amplified Spontaneous Emission
(ASE) noise [99]. The broadband nature of this emission requires a filtering of the un-
desired frequencies, hence a Fiber Bragg Grating (FBG) is employed after the EDFA for
such purpose. Since the measurement distance is 100 km, the repetition rate of the pulses
has to be lower than 1 kHz, which means that a very low duty cycle is used, ∼ 10−5, thus
ERs in the order of 105 are necessary to properly measure the variations on the probe
wave (see subsection 4.2.2). For this matter, two systems are used to ensure this ER in the
pump. Firstly, an electronic Proportional-Integrator (PI) circuit is employed in the mod-
ulator to set its working point to minimum transmission [100], which allows 25-30 dB of
extinction. Since this is not good enough, a NOLM is employed [98], which together with
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the PI provides the necessary ER in the pump pulses; > 50 dB. This device also produces
a small compression of the pulses obtaining a pedestal-free narrow pulse [98, 101], which
alters the original 30 ns width to 20 ns. In summary, the pump signal supplied to the fiber
is composed by 20 ns pulses with a repetition rate of 700 Hz. The probe signal is obtained
from the lower frequency sideband of the Amplitude Modulated (AM) master source, as
the Brillouin Gain configuration is desired. The carrier frequency is suppressed by prop-
erly setting the Direct Current (DC) bias of the modulator, and the higher frequency
sideband is filtered before detection employing for that purpose a narrowband FBG. Even
though depletion issues are controlled based on the description given in subsection 3.3.2
by properly setting the pump and probe powers through Variable Optical Attenuators
(VOA) located on each branch of the setup, our system has an extra advantage against
that matter since both sidebands propagate within the Fiber Under Test (FUT), which
compensates the depletion of the pump signal by the detected probe [62].
In order to achieve Stimulated Brillouin Scattering (SBS), both pump and probe sig-
nals are introduced in the sensing fiber in opposite directions together with the Raman
pumps through suitable Wavelength Division Multiplexers (WDM). The Raman pumps
are obtained by splitting the output of a Raman Fiber Laser (RFL), thus a bi-directional
configuration is used for the Raman amplification process. As already mentioned in sec-
tion 2.7, the maximum gain peak in Raman assistance manifests at 13 THz from the
pump, which means that in order to produce amplification in the 1550 nm region, the
RFL should emit at 1455 nm. As suggested in subsection 3.3.5, the Raman pump should
be below 27 dBm (500 mW), therefore, in our experimental setup we configured the RFL
at 26.8 dBm (480 mW), 23.8 dBm (240 mW) through each branch. Although this Raman
pump power is below the value needed for a perfect end-to-end compensation of the losses,
it guarantees the best trade-off between amplification and RIN transfer for our RFL in
this fiber segment. As we already know, the Brillouin interaction has a large sensitivity to
polarization [102], so it is necessary to employ a Polarization Scrambler (PS) in order to
mitigate such effect, since it scrambles the polarization state of the entering signal into all
possible states. The 100 km fiber is composed by four Single Mode Fiber (SMF) spools
of 25 km each with an effective area of 70µm2 and a similar Brillouin Frequency Shift
(BFS) located at approximately 10.67 GHz for the pump wavelength (∼ 1554 nm). The
peak power of pump and probe were 3.29 dBm (2.133 mW) and -37,7 dBm (0.17 µW),
respectively, with 26.8 dBm (480 mW) of Raman pump which is equivalent to 23.8 dBm
(240 mW) at each pump-probe branch, which ensures the avoidance of any undesired
effect; MI, SPM or depletion.
4.3.2 Results
Figure 4.3(a) shows a comparison between the measured and the calculated gain at each
point of the fiber at maximum gain, following the model developed in subsection 3.3.4.1,
where the good agreement between both traces verifies the proper operation of the system.
The pump power used is slightly below the value necessary for a good compensation of
the losses. However, this ensures a good behavior of the setup in terms of RIN. As can be
seen, the power levels used are in good agreement with the simple derivations provided in
the previously developed analytical study. In Figure 4.3(b), the evolution of the retrieved
BFS along the sensing distance is depicted where frequency shift is comprised between
10.6725 GHz and and 10.6825 GHz. The abrupt variation along the first kilometers is most
probably due to some longitudinal variation in the construction parameters of the fiber,
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probably the GeO2 doping or an excess of strain when rolling the spool. The uncertainty of
the measurement can be determined by analyzing the difference in the retrieved Brillouin
shift for consecutive measurements. In this case the difference is smaller than 1.2 MHz,
which is equivalent to a temperature uncertainty below 1.2 ◦C/24 µ in case of strain
measurements considering a 1 MHz/◦C and 0.05 MHz/µ sensitivity respectively for the
target fiber.
(a) (b)
Figure 4.3: First-order Raman-assisted BOTDA results for the maximum gain value at each position (a)
and for the BFS (b) for 100 km SMF. The gain is compared with theoretical simulations [42].
Figure 4.4 shows a representation of the full frequency sweep developed from 10.58
GHz until 10.74 GHz for the target fiber. It is noticeable that the gain as a function of
the frequency fits the expected Gaussian profile, and no appreciable depletion is visible.
The maximum gain contrast is achieved at approximately 15 km of the fiber input while
the minimum gain contrast is obtained around 75 km. This behavior is, as expected,
due to the effect of the bi-directional First-order Raman amplification scheme. From here
onward, the gain contrast keeps increasing until the end of the fiber.
Figure 4.4: Illustration of the full gain sweep over 100 km of SMF with 2 meter resolution from 10.58
GHz until 10.74 GHz [42].
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In order to test the proper performance of the employed BOTDA as a sensor, we
decided to locate a hot-spot between the last two fiber spools. In this region (∼ 75 km),
where the gain contrast is minimal, it can be tested if the equipment performs properly
even in the worst conditions. 2 meters of fiber were introduced in a water bath at 60 ◦C (±
5 ◦C), with a room temperature of 20 ◦C. Figure 4.5 shows the frequency sweep performed
around the hot-spot location. We can clearly see the hot-spot at the expected position,
roughly 74.83 km. We can also observe the transition between the third and fourth fiber
spool at approximately 74.80 km. The frequency difference between the hot-spot and
the rest of the fiber arises from 10.67 GHz until 10.71 GHz, which equals to 40 MHz.
Considering the sensitivity of 1 MHz/◦C in the Brillouin shift, gives us a temperature
variation of 40 ◦C, which is in good agreement with the expected temperature difference.
Figure 4.5: Brillouin gain sweep from 10.58 GHz until 10.75 GHz around the hot-spot location at the
lowest gain region (∼ 75 km) [42].
4.4 Extending the Real Remoteness of Long Range BOTDA
Systems
In the previous developed experimental setup (subsection 4.3.1), the achieved sensing
distance ranged 100 km. If this length is applied into a linear monitoring application,
e.g. long pipelines or offshore monitoring, the real remoteness of the system is actually
half of the total length; 50 km for the cited particular case. This arises since pump and
probe signals must propagate in counter-propagating directions along the optical fiber,
and therefore, the BOTDA interrogation unit requires access to both fiber ends. As
some of the mentioned applications require to linearly monitor distances above 75 km,
which means a total length of at least 150 km, the probe wave reaching the receiver will be
highly attenuated, and therefore, no sensing capabilities or an extremely degraded sensing
performance is expected. To overcome such issues it has already been proposed the use
of bi-directional in-line EDFAs in terms of optical power increase along the whole optical
fiber [103, 104], partially compensating the fiber loss on both probe and pump Brillouin
waves. However, in several applications for ultra-long remote sensing, no electrical power
is available at the farthest point for optical amplifiers.
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In order to overcome the cited problem, we propose the use of a sensing scheme that
doubles the fiber length connected to the BOTDA sensing unit while only half of it is
employed for sensing purposes [103]. Under this design, known as the “Linear Sensing
Fiber Configuration” [46,47], the first half of the fiber is used for distributed sensing aims
(called “sensing fiber” from now on) while the second half is utilized to drive the probe
to the farthest point in the sensing fiber (labeled as “carry-over fiber”). As we already
know, it is possible to increase the sensing range of BOTDA sensors until 100/120 km
through First- or Second-order Raman amplification [42, 44, 45] and/or S-code or Bipo-
lar pulse coding [48, 50, 105]. It will be totally attainable to apply the cited techniques
in the proposed very long linear scheme, although the high probe attenuation and the
limited sensitivity of the optical detection stage make the design and power optimization
much more challenging when compared to the use of the typical scheme. One of the
main limitations in such terms is the origin of spontaneous Brillouin scattering, due to its
additional loss induction to the probe wave. Also, it has been reported that a power sym-
metry among the two probe sidebands provides strong robustness against pump depletion
in long fiber schemes [62]. Thus, the impact of any potential probe power imbalance in
ultra-long range sensing is highly detrimental.
In this section, an ultra-long range BOTDA sensor in a linear configuration without
any powered elements in the sensing loop is implemented based on the optimized design of
a“seeded”Second-order distributed Raman amplification scheme [106,107] in combination
with the optical pulse coding technique [48,77,78]. While Raman amplification is used to
increase the probe power beyond the minimum detectable level, the pulse coding enhances
the probe power contrast resulting from the Brillouin gain, thus enhancing the Signal to
Noise Ratio (SNR) of the measurements [48].
4.4.1 Proposed Sensing Scheme
In the proposed linear sensing configuration, the probe signal cumulates twice the effect of
fiber attenuation, which actually makes a big difference when compared to the basic fiber
configuration. For instance, to extend the remoteness of the sensor up to 120 km, the
longest sensing distance with a BOTDA reported so far [108], our proposal will require
a 240 km fiber-loop. Under such a condition, the probe signal is attenuated by about
48 dB while propagating along the entire optical fiber before reaching the receiver. As
a consequence, the CW probe power at the receiver is expected to be reduced by 24 dB
when compared to the power measured in the basic configuration. This situation actually
imposes a significant technical challenge to the design and implementation of the proposed
ultra-long range BOTDA system.
It is worth mentioning that the maximum probe power inside the fiber is limited by the
onset of amplified spontaneous Brillouin scattering. The threshold for this phenomenon
is about 7 dBm (5 mW) in standard optical fibers [62]. Considering that fact, in a 120
km linear scheme (240 km fiber loop), the maximum probe power arriving to the sensing
fiber segment will be -17 dBm (20 µW) after suffering 24 dB of attenuation all along the
carry-over fiber. Obviously, before reaching the receiver, this low probe power level is
expected to be further reduced until ∼ -41 dBm (70 nW) (another 24 dB of attenuation),
which results in a power level that is difficult to detect even if a low-power preamplifier
is used. Therefore, in order to compensate for this additional attenuation of the probe
signal, distributed Raman amplification provides a suitable solution to push the maximum
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power levels of the pump and probe signals within the fiber allowing the probe signal to
reach the minimum power levels required by the pre-amplifier at the receiver to produce
an acceptable optical SNR at the photo-detector. However, the power levels involved
in such long sensing fiber configuration need a dedicated optimization, as we will see in
the forthcoming section, especially the ones occurring inside the carry-over fiber since the
nonlinear effects occurring within it will have a significant impact on the power distribution
of the signals propagating along the useful sensing fiber.
The proposed scheme is based on combining First- and Second-order Raman amplifi-
cation together with pulse coding as shown in Figure 4.6.
Figure 4.6: Schematic diagram of the proposed ultra-long range BOTDA based on the linear sensing fiber
configuration [47].
The use of First-order distributed Raman amplification combined with optical pulse
coding in BOTDA systems was proposed by Jia et al. in [109], although, it has never
been combined the codification of the pump pulses together with Second-order Raman
amplification schemes. On one hand, in order to increase the maximum distance reached
by the coded Brillouin pump, a “seeded” Second-order Raman amplification scheme is
implemented to amplify the pulse sequences [106, 107]. In this scheme, widely used in
telecommunication systems [106, 107], a low-power First-order Raman pump at 1455 nm
acts as a seed that is amplified by a high-power Second-order Raman pump at 1365 nm.
Under this configuration, the maximum Brillouin pump power is shifted to a more distant
location along the sensing fiber, around 30 km, an extension estimated to be about 15
km with respect to direct First-order Raman amplification. In terms of RIN transfer,
the co-propagating nature (same direction as the pump wave, counter-propagating to
the detected probe wave) of the Raman pumps produce and averaging of the noise over
the whole amplifier transit time, resulting in an almost negligible impact of the RIN
on the sensor performance due to the low cut-off frequency of the pump-to-signal RIN
transfer function of the Brillouin scattering process in that configuration [49]. Also, the
“seeded” nature of the First-order Raman pump (low power configured) helps to reduce
the remaining RIN transfer to the detected signal. On the other hand, it has already been
demonstrated in the previous section (4.3) the necessity to provide Raman amplification
on the probe side to secure a good performance of the BOTDA sensor. In counter-
propagating assistance (in opposite direction to the pump wave, co-propagating to the
detected probe), a highly efficient pump-to-signal RIN transfer occurs [70], which means
that the assistance in the probe side has to be performed using low-RIN Semiconductor
Laser (SL) to minimize the pump RIN transfer to the probe signal. The use of Second-
order Raman assistance to the probe wave is not recommended as it would result in a high
and efficient pump RIN transfer, degrading significantly the SNR of the measurements.
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Another important aspect of the proposed scheme is the use of pump pulses with
Return-to-Zero (RZ) modulation format [110]. It is well known that RZ pulses are re-
quired to apply optical pulse coding in BOTDA sensors, suppressing bit patterning effects
resulting from pre-excited acoustic waves [111]. It turns out that, in the case of Raman
assistance, RZ pulses also have the advantage to minimize the Raman cross-gain modula-
tion occurring when the counter-propagating Raman pump is depleted. Actually, a pulse
separation of at least 50 ns is normally required to secure a complete decay of the acoustic
wave amplitude between pulses of the code sequence. This time interval is much longer
than the maximum walk-off between Raman pumps at 1450 nm and the Brillouin pump-
probe signals at 1550 nm [70], which is of about 16 ns in conventional SMFs. Therefore,
if the Couenter-propagating Raman pump at 1450 nm is depleted by the amplification of
a single Brillouin pump pulse, no impact on the amplification of the following pulses from
the same sequence is expected.
4.4.2 Power Requirements
Based on the analysis of requirements developed in section 4.2, it is important to control
the power levels of the employed signals. In this case, the optimization will involve the
First- and Second-order Raman pumps as well as the coded RZ-pulse sequence employed
for the Brillouin pump wave.
The optimization procedure for the forward propagating signals must be carried out
experimentally by knowing that, as a result of the First- and Second-order Raman ampli-
fication, the maximum Brillouin pump power occurs at about 15-30 km distance respec-
tively, as shown in Figure 4.7. The maximum Brillouin pump power along the fiber can
be estimated by monitoring the power of the Brillouin pump at the far fiber end in order
to both maximize the Brillouin pump power at the end of the sensing fiber and to avoid
that the maximum power exceeds the threshold of nonlinear effects. Considering the pulse
shaping used, the maximum Brillouin pump power allowed in the system is limited by the
threshold of MI, which is about 20-23 dBm (100-200 mW) (see subsection 3.3.1).
Figure 4.7: Representation of the Brillouin pump power evolution along the sensing fiber under no
amplification and assisted by First- and Second-order Raman amplification [47].
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In the case of the backward propagating Raman pump, it is adjusted to provide the
highest possible probe power level at the end of the most distant sensing point as shown
in Figure 4.8, but at the same time to make pump depletion negligible (subsection 3.3.2).
Figure 4.8: Depiction of the Brillouin probe power evolution along the entire optical fiber loop assisted
with and without First-order Raman amplification in the linear sensing fiber configuration [47].
4.4.3 Experimental Setup
The whole work was developed at the GFO laboratory of the EPFL (Lausanne - Switzer-
land) as a collaboration with Dr. Marcelo A. Soto, Prof. Luc The´venaz and Omnisens.
Figure 4.9 shows the experimental setup implemented to realize extremely long range
distributed measurements along 120 km sensing distance, using a 240 km fiber-loop, and
a spatial resolution of 5 meters. A LD operating at 1550 nm is the only optical source
needed for the generation of Brillouin interacting signals in the system which is split into
distinct branches to generate the coded pump signal and the probe signal.
The high-power pump signal is obtained using an EDFA and an EOM which modulates
the CW laser light according to the Simplex-code (S-codes) sequences [77,78]. In this case
the EDFA is placed before the EOM to avoid distortions in the pulse sequences [48] and
configures a peak Brillouin pump input power of 7.5 dBm (5.6 mW). To induce Raman
amplification along the optical fiber, the coded pulse sequences are coupled with two
depolarized fiber Raman lasers through a 30/70 coupler respectively: a low-power seed
First-order Raman pump at 1455 nm and a high-power Second-order Raman pump at
1365 nm configured at 16.0 dBm (40 mW) and 29.8 dBm (955 mW) respectively. All
the selected power levels, referred at the input of the sensing fiber, avoid completely
the appearance of MI, as stated in subsection 4.4.2. The probe signal is obtained using
the well-known double-sideband technique [32], in which two equally spaced sidebands
are generated by intensity modulation of the CW laser light. Thus, by adjusting the
Radio Frequency (RF) modulation frequency on the EOM, the Brillouin Gain Spectrum
(BGS) can be easily scanned. To minimize the Polarization Dependent Gain (PDG) of
the distributed Raman amplification along the fiber, two orthogonally-multiplexed low-
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RIN SLs at 1455 nm have been coupled with the probe signal using a Raman pump unit
that provides a PDG lower than 0.5 dB. The avoidance of the phenomena mentioned in
subsection 4.4.2, spontaneous Brillouin scattering and depletion, has been satisfied using
an input probe signal of -12.9 dBm (51 µW) per sideband and a backward propagation
Raman pump of 28.1 dBm (645 mW). Slightly higher power levels might be required to
optimize the probe SNR at the receiver but, unfortunately, the low-RIN Raman pump
module used in this experiment limits the maximum power launched into the carry-over
fiber.
Figure 4.9: Schematic representation of the experimental setup of the BOTDA sensor based on seeded
Second-order Raman assistance and pulse coding [46, 47]. LD: Laser Diode; I&T: Current and Temper-
ature; EDFA: Erbium Doped Fiber Amplifier; PSW: Polarization Switch; WDM: Wavelength Division
Multiplexer; RF: Radio Frequency; PBC: Polarization Beam Combiner: SL: Semiconductor Laser; FL:
Fiber Laser; FBG: Fiber Bragg Grating.
The optical fiber consists of several drums of standard SMF, with a total length of
240 km. Polarization diversity schemes, based on Polarization Switches (PSW), have
been used in both pump and probe branches to reduce the polarization dependence of
the BGS measurements. Before the receiver, an EDFA operating in linear-gain regime is
inserted to increase the power level of the coded probe signal reaching the photodetector.
A narrowband FBG is used to select one of the probe sidebands and to filter out other un-
wanted frequency components, such as the ASE noise from the EDFA, the Rayleigh signal
generated by the coded Brillouin pump, the residual carrier of the probe and the second
probe sideband. The data acquisition is carried through an acquisition card connected to
a computer.
The 240 km long fiber-loop has been implemented to make possible measurements up
to 120 km away from the interrogation unit. The first fiber half, which corresponds to 120
km of the sensing section, is composed by one 20 km fiber spool and two 50 km fiber drums
(named as Fiber A, B and C respectively hereafter). The BFS for the fibers employed for
sensing purposes was 10.68 GHz for Fiber A and 10.66 GHz for Fibers B and C at room
temperature and zero strain. Note that although sensing fibers with slightly different
BFS have been used in this experiment, the frequency difference (∼ 20 MHz) is within
the Brillouin gain spectral width. The remaining 120 km, which acted as carry-over fiber,
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had a completely different BFS in order to clearly visualize the end of the sensing fiber at
120 km distance. In this case three spools were employed too with frequencies from 10.85
GHz to 10.90 GHz. Regarding the pulse codification, RZ S-codes with 255 bit have been
applied in this case, offering a SNR enhancement or coding gain of 9 dB with respect to
the single pulse case [77, 78]. The whole bit duration is set to 100 ns, while the single
pulse duration is set to 50 ns resulting in a 5 m spatial resolution. Each coded BOTDA
trace has been averaged 8 times, resulting in 2040 equivalent time averaged traces for each
scanned frequency.
4.4.4 Results
Figure 4.10 shows a comparison between the experimental BOTDA trace (blue continuous
line) at 10.66 GHz and the trace obtained by numerical simulations (red dashed line) using
the mathematical models developed in subsections 3.3.4.1 and 3.3.4.2. It is important to
point out that despite the extremely long optical fiber used in this case, it is still possible
to distinguish the end of the sensing fiber at 120 km. The SNR at 120 km has been
measured to be ∼ 6.5 dB, corresponding to a Brillouin gain of 0.03 %. Thus, the obtained
SNR at 120 km distance is high enough to provide reliable measurements of temperature-
and strain-dependent variations of the BGS.
Although a PSW is employed at each of the pump-probe branches of the setup to min-
imize the impact of Brillouin PDG, the measurements indicate that BOTDA traces turn
out to be slightly affected by polarization noise when extremely long sensing fibers are
used. Actually, it has been found that the used polarization diversity scheme, very com-
mon in standard BOTDA sensors, does not perform as expected with such a long optical
fiber link. It is believed that this issue results from residual polarization noise coming from
the finite ER of the two polarization switches which may lead to non-orthogonal states of
polarization after propagation over several tens of km. In particular, it is observed that
the residual polarization noise rises when the Brillouin gain increases, i.e. when longer
code sequences are used, and has a larger impact at 30 km distance where the Brillouin
pump reaches its maximum power, as shown in Figure 4.10.
Figure 4.10: Experimental and theoretical results of the Brillouin gain profile at 10.66 GHz for a 240
km-long fiber loop with 5 meter resolution [46, 47].
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The BFS along the fiber has been obtained by fitting the measured BGS at every fiber
location, as shown in Figure 4.11. It can be observed that using a pulse sequence of 255
bits, the polarization noise has a negligible impact on the BFS estimation. The standard
deviation over the last meters of fiber which corresponds to the lowest SNR region, has
been calculated to be 1.9 MHz, corresponding to a temperature-strain resolution of 1.9
◦C/38 µ at 120 km distance. The pump depletion is estimated by measuring the power
difference of the residual coded Brillouin pump with and without Brillouin interaction,
which in this case is calculated to be 2.0 %, low enough to induce no biasing on the BFS
measurements [109].
Figure 4.11: Experimental BFS profile along 120 km sensing distance, exhibiting a maximum frequency
uncertainty of 1.9 MHz [46, 47].
Finally, measurements under extreme SNR conditions have been carried out; in this
case a section of 5 m of fiber is heated up to 45◦C at a 120 km distance, while the rest of
the fiber is maintained at a controlled room temperature of 25 ◦C. Figure 4.12 shows the
measured temperature profile for the last 100 m of fiber, where it can be clearly observed
the 5 m hot-spot at 45 ◦C. It is important to mention that this result constitutes the
first demonstration of distributed measurements at a real 120 km distance away from the
interrogating unit using a BOTDA sensor with no repeaters along the entire optical fiber.
Figure 4.12: Experimental representation of the detection of a 5 m hot-spot at the lowest gain region (∼
120 km) over a 240 km-loop fiber length [46, 47].
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4.5 Conclusions and Open Lines
In this chapter we have shown the use of the techniques known so far to enlarge the
sensing range of BOTDA systems; First- and Second-order Raman amplification and
pulse coding [46,47].
As it has been demonstrated, it is possible to enlarge the sensing range of such systems
until 100 km through bi-directional First-order Raman assistance maintaining a fairly good
resolution of 2 meters. It is also possible to arrive until 120 km if the proposed Raman
amplification scheme is combined with pulse coding [50]. For the previous case it was
necessary the use of SL-based Raman pumps with low-RIN transfer. These devices are
the gate for extending the range of BOTDA systems as well as novel detection schemes
as the ones described in section 5.1.
When the required application needs to locate the employed fiber in a linear config-
uration, the useful fiber length is divided by two. Therefore, applications beyond 60 km
will require a total fiber length greater than 120 km. Under such conditions it will be
necessary to apply the proposed sensing length known as“Linear Sensing Fiber Configura-
tion” which is described in subsection 4.4.1. As the fiber lengths are greatly incremented,
the use of combined First- and Second-order Raman amplification as well as pulse coding
is required. In the cited scheme it is critical the optimization of the Raman pumps to
maximize the system performance, avoiding nonlinear effects in the fiber. Finally, it is
believed that further extension of the sensing range needs a novel conceptual step since
the implemented system shows very little margin to increase power levels, including the
Raman pump power, and to extend the code length.
Chapter 5
RIN Reduction in Long Range
Raman-Assisted BOTDA Systems
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5.1 Introduction
In chapter 4, it has been identified the necessity of using Raman pumps when enhancing
the range of standard Brillouin Optical Time Domain Analysis (BOTDA) systems. For
such purpose, the use of Raman Fiber Lasers (RFL) has been proved more effective for
long or ultra-long setups since nowadays provide higher power levels and consequently
are able to assist greater distances. Unfortunately, these pumps produce time-dependent
variations on the acquired gain signal, known as Relative Intensity Noise (RIN - see
subsection 3.3.5) [70], that damage the performance of the BOTDA.
It is important to realize that RFLs show a spectrum composed of many modes with
a periodic spacing. This periodic mode spacing, which is normally in the hundreds of kHz
or few MHz range for typical fiber lasers, leads to the appearance of some quasi-periodic
intensity perturbations which may not be removed even after the usual trace averaging
procedure, in particular, when the mode spacing happens to be a multiple of the pump
pulse repetition rate, as shown in Figure 5.1(a). Since the RFL shows a chain of modes in
the spectrum, its output displays some quasi-periodic intensity perturbations in multiple
frequencies of the free spectral range of the laser. These quasi-periodic perturbations are
transferred to the probe signal and may not be easily averaged out in the acquisition
procedure if the acquisition trigger period is a multiple of the cavity round-trip time as
depicted in Figure 5.1(b).
(a) (b)
Figure 5.1: Electrical Spectrum Analyzer (ESA) spectrum of the RIN noise of a 1455 nm RFL (a) and
representation of the averaging procedure of RIN transferred Raman amplified signals (b) [44].
Due to its nature, RIN transfer has been identified as a major impairment in BOTDA
systems when Raman assistance elements are employed [39, 42, 49]. Thus it will be nec-
essary to employ different measuring or data treatment techniques to avoid or reduce the
cited detrimental effect.
In this chapter, we propose two different alternatives; the use of a Vector-BOTDA
(VBOTDA) [112,113] and a “de-noising” technique [44]. A VBOTDA is a BOTDA based
technology that transfers the detected probe wave to a high frequency region (> 500
MHz) where the RIN effect is less harmful. The de-noising procedure is based on a
numerical treatment process that removes the quasi-periodic noise elements transferred
to the retrieved probe wave. The effectiveness of the de-noising technique was tested in
terms of resolution improvement through the application of the Differential Pulse-width
Pair (DPP) technique (see subsection 3.4.3).
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5.2 Vector-BOTDA
A standard BOTDA detects the probe wave in a low frequency range, from Direct Current
(DC) to a few hundreds of MHz. This precise frequency range is exactly the same in which
RIN transfer from the Raman pumps to the probe is maximized. Therefore, this makes
extremely difficult to distinguish the target Stimulated Brillouin Scattering (SBS) signal
from RIN transfer or other low frequency noise perturbations.
In a VBOTDA, the probe wave is transferred to a high frequency region (> 500 MHz),
where the effect of RFL perturbations is considerably reduced. The use of this measuring
technique in terms of low-frequency noise diminution was first demonstrated in 2010 by
Dossou et al. [114]. That is why we propose the application of this measuring technique
to reduce the effect of RIN transfer. Its effectiveness lies in the large walk-off times
between the Raman pumps and the BOTDA signals induced by chromatic dispersion (see
subsection 2.3.1) which amounts several periods of the carrier frequency in the VBOTDA.
This causes any noise perturbation in the Raman pump to slip along several signal periods,
amplifying the whole signal more homogeneously and reducing significantly its deleterious
effect.
In a different way to standard BOTDA systems described all over this thesis disser-
tation, in a VBOTDA the probe wave is obtained through phase modulation, instead of
intensity modulation. As the probe wave needs to be transferred to a high frequency region
and also be swept in order to fully recover the spectrum of the interaction (see subsection
3.2.1), two frequencies are necessary. This can be developed with a unique phase modula-
tor driven by two frequencies [114] or through two phase modulators commanded by one
frequency each, as employed in our experimental development (see subsection 5.2.1). If
two frequencies are driven within a unique modulator, a non-linear intermodulation arises
leading to the apparition of new frequencies, degrading the performance of the system.
Therefore, by using two modulators there is no mixing among the driving frequencies.
In addition to gain measurements, in a VBOTDA phase measurements can also be
obtained. Several phase-related techniques have already been reported such as vector
SBS measurements in a continuous way through Optical Vector Analyzers (OVA) [115],
or the use of phase modulators for distributed high resolution sensing purposes [93, 116],
where the intensity pulse of the pump is replaced by a phase pulse.
In all cases, unlike in a VBOTDA, no phase measurements were reported, which is
one possible path for plausible real time measurements [117–119]. Also, the use of phase
measurements, as recently has been reported by Urricelqui et al. [120], can be employed
in order to avoid the appearance of non-local effects [29] in terms of pulse depletion.
5.2.1 VBOTDA Modulation Scheme
As stated, in our VBOTDA the probe wave is obtained through two phase modulators.
These devices are going to be driven by one frequency each: a Local Oscillator Frequency
(FLO), fixed at 750 MHz for our particular case, far enough from the RIN transfer region
and without significant chromatic dispersion impairments, and the so-called Scan Fre-
quency (FS), which is swept around 10 GHz. In this way, as represented in Figure 5.2, the
probe wave spectrum is therefore going to be formed by the following frequency couples:
±(FLO), ±(FS), ±(FS − FLO) and ±(FS + FLO).
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Figure 5.2: Schematic representation of probe wave phase modulation sidebands present on the VBOTDA
scheme [113]. F0: Original Master Frequency; FLO: Local Oscillator Frequency; FS: Scan Frequency.
The experiment is tuned so that the frequency couple ±(FS + FLO) will be located
around the Brillouin shift of the fiber (FBGS), and the scanning of FS will allow to scan
this frequency over the Brillouin gain of the fiber under test. Under no Brillouin gain,
the detected beat note between FS and FS + FLO is completely compensated by the beat
note between FS and FS − FLO since they have opposite phases. Yet, if FS is arranged
so that FS + FLO is located around the Brillouin Gain Spectrum (BGS) of the fiber, then
the −(FS + FLO) sideband will be amplified and +(FS + FLO) attenuated. The phase
modulation imbalance will then produce an intensity beat note at FLO. The detection of
the amplitude of the intensity modulated FLO frequency as a function of time through a
high-bandwidth photo-detector will provide both phase and amplitude information of the
BGS [114].
5.2.2 Experimental Setup
The whole work was developed at the PhLAM laboratory of the University of Lille 1
(Villeneuve d’Asq - France) as a collaboration with Prof. Pascal Szriftgiser.
The developed experimental setup, which can be observed in Figure 5.3, is mainly
based on introducing a First-order bi-directional Raman amplification module to the
VBOTDA developed in [114]. Its operation principle is similar to a standard BOTDA: a
pulsed pump wave interacts locally with a frequency shifted continuous counter-propagating
probe wave through SBS. As usual, both pump and probe signals are obtained from the
same master source, which in this case is a low-noise ∼ 500 kHz linewidth Laser Diode
(LD) emitting at 1550 nm.
The pump wave is achieved by pulsing the continuous output of the LD with 200 ns
pulses in this case (20 meter resolution) and afterwards amplified through an Erbium
Doped Fiber Amplifier (EDFA) to obtain pulses with ∼ 5.44 dBm (3.5 mW) peak power.
The pulse width has been chosen to increase the contrast over the elevated DC leaked
component, which arose since it was no possible to employ high Extinction Ratio (ER)
pulsing elements, such as SOAs [44, 121]. The low peak power is set so as to achieve
results comparable, in terms of gain, to the ones obtained in previous subsections (4.3.2,
4.4.4), ∼ 1 %. The probe wave is obtained through the modulation scheme proposed in
subsection 5.2.1 and, in this case, it is also amplified to obtain a power level of ∼ -13.97
dBm (40 µW). The selected power levels ensure a proper trade-off between the detected
signal level and the prevention of the already known undersired effects. Together with the
pump and probe waves, a RFL emitting at 1455 nm and relatively high RIN figure (∼
-110 dBc/Hz) is introduced so bi-directional distributed Raman amplification is produced
as well as noise transfer on the detected probe wave, so the effectiveness of the technique
can be demonstrated.
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Figure 5.3: Setup of the First-order Raman-assisted VBOTDA [113]. LD: Laser Diode; I&T: Current
and Temperature; RF: Radio Frequency; EDFA: Erbium Doped Fiber Amplifier; VOA: Variable Optical
Attenuator; FL: Fiber Laser; WDM: Wavelength Division Multiplexer; FUT: Fiber Under Test.
As it has been said before, the employed setup has a considerable DC power level
leakage due to the impossibility to minimize both the DC component of the generated
pulses as well as the carrier frequencies of the phase modulators. Also, it has to be
considered the amount of modulated signals present within the fiber (see Figure 5.2).
This last issue could be avoided by using a unique sideband phase modulation scheme
[37], although depletion in this case would be maximized. These setbacks degraded the
performance of the setup forcing us to employ low power pump signals with considerably
long pulse widths (200 ns). Although this could be seen as a drawback, it does not affect
the main conclusions of this work as it does not affect the demonstration of the reduction
of the RIN transfer effects caused by the Raman assistance. The complete setup can
also be considered as an opening gate to real-time measurements in long range BOTDA
systems thanks to the steep linear phase response of the interaction around the center
frequency [118].
5.2.3 Results
5.2.3.1 RIN Reduction
The verification of the RIN transfer reduction was developed by comparing the whole
frequency spectrum of the non-modulated probe signal under Raman amplification with
the normalized spectral power density of the probe wave noise without Raman assistance.
As a simple test, the bi-directional Raman amplification was set at 27.4 dBm (550 mW);
24.4 dBm (275 mW) on the probe side. Figure 5.4 displays the detected RIN noise in the
probe wave as a function of the frequency.
As it can be clearly seen, at low frequencies (< 200 MHz), where a standard BOTDA
operates, the probe RIN level increases around 30 dB when the Raman pump is on (blue
trace). By setting the probe wave to a 750 MHz modulation the noise increase produced
by the Raman pump is reduced to 20 dB, which implies a 10 dB reduction in terms of
transferred RIN noise. As the frequency increases, the noise is reduced even more (15
dB reduction at 1 GHz), however at higher frequencies the chromatic dispersion effect
introduces a non-negligible Phase to Amplitude Modulation (PM-AM) conversion in the
probe signal [1]. This implies a trade-off between RIN effects and chromatic dispersion
effects. A good balance is found at FLO = 750 MHz.
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Figure 5.4: Comparison of the spectral power density of the noise of the probe wave without Raman
assistance and with 24.4 dBm (275 mW) of Raman amplification at each branch [113].
In the experimental setup from Figure 5.3, the overall Raman gain introduced in the
probe is roughly 17 dB. In conventional BOTDA conditions, the RIN increase, measured
with the squared Fast Fourier Transform (FFT2), is 30 dB, which implies roughly 15 dB
noise amplitude growth, and therefore the Raman gain only introduces a 2 dB improve-
ment in overall Signal to Noise Ratio (SNR). In the VBOTDA region, the noise amplitude
growth goes down to 10 dB, implying a 7 dB growth in optical SNR, which should lead
to a clear improvement in performance.
5.2.3.2 Sensor Performance
Once the RIN transfer reduction was proved and 750 MHz selected as the proper mod-
ulation for our purposes, the performance of the Raman-assisted VBOTDA as a sensor
was tested. 84.5 km of fiber were monitored, formed by three spools spanning 40 km, 42.5
km and 2 km respectively, of which the first two had a maximum Brillouin Frequency
Shift (BFS) of 10.86 GHz at room temperature (∼ 20 ◦C) and the last one (2 km) had a
BFS of 10.88 GHz (20 MHz difference from the first two spools). The sensor performance
was checked by introducing the last 2 km of the total length in a temperature controlled
oven at 60 ◦C and keeping the remaining 82.5 km of fiber at 20 ◦C constant controlled
temperature. The 40 ◦C temperature difference is translated as approximately 40 MHz
frequency shift (1 MHz/◦C); thus, we expect to observe a 20 meter transition of 60 MHz
(20 MHz + 40 MHz) at the 82.5 km position from 10.86 GHz until 10.92 GHz.
In Figure 5.5, the whole 84.5 km demodulated amplitude traces (82.5 km + 2 km) are
shown, at the frequencies of 10.86 GHz and 10.92 GHz, which correspond to the BGS at
20 ◦C and 60 ◦C respectively. The acquisition is done with 500 averages. A clear gain shift
in the end of the fiber is noticeable, and the contrast between the heated and non-heated
sections is clearly visible.
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Figure 5.5: Experimental spectrum analyzer with zero-span mode measurements for 84.5 km SMF for
10.86 GHz and 10.92 GHz [113].
Based on previous results obtained with standard BOTDA systems over similar sensing
distances (between 75 and 100 km) [39, 44], and similar gain values (< 1 %), it can be
concluded that the RIN transfer is considerably reduced since the results have a neat
determination with a relatively low number of averages. The fact that we could not
increase the pump power significantly implied a significant loss in terms of achievable
resolution. Similar gain values can be obtained with a high extinction ratio pulsing method
(> 40 dB), a tenfold increase in peak power and a tenfold reduction in pulse width.
However, the measurement of such low gain values would require thousands of averages
in a conventional Raman-assisted BOTDA [39,44].
A detailed gain and phase sweep of the transition between the heated and non-heated
sections is represented in Figures 5.6 (a) and (b) respectively, where a complete switch
of the gain position can be seen around the position of 82.5 km. The full gain switch
is achieved in 20 meters, confirming the aforementioned resolution values. The detailed
resolution representation can be observed in Figures 5.7 a) and b), results obtained from
a 200 meter oscilloscope span. All the measurement were developed trying to obtain neat
traces with the minimum number of averages possible, so as to illustrate the good RIN
transfer capabilities of the setup. In this case 512 averages were employed, which is less
than 10 times lower than the number of averages employed with standard BOTDA sensors
for similar sensing distances and gain values [39,44].
(a) (b)
Figure 5.6: Brillouin gain (a) and phase (b) measurements around the heated fiber section (∼ 82.5 km)
from 10.80 GHz until 11.00 GHz [113].
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(a) (b)
Figure 5.7: Experimental gain (a) and phase (b) gain representations at 20 ◦C and 60 ◦C from 10.80
GHz until 11.00 GHz [113].
It is noticeable that the frequencies from the phase measurement show maximums
that are slightly lower than the ones obtained from the gain trace. This arises since the
phase shift at the maximum gain frequency experiences a steep switch from maximum
to minimum phase around the maximum frequency, the maximum phase shift being ap-
proximately 20 MHz lower than the peak gain. As it is visible, the frequency difference
perfectly matches the expected 60 MHz.
5.3 De-Noising Procedure
In the Introduction of this chapter 5.1, it was mentioned the quasi-periodic nature of the
RIN noise in case of RFL pumping and the difficulty to remove it with standard averaging
techniques. One possibility to avoid RIN effects is precisely to employ this periodic feature.
As RIN transfer from RFL pumps manifests as peaks in the probe spectrum, that can
be eliminated using numerical processing techniques. This procedure, that we will call
“de-noising” [44], takes into account the fact that the frequency positions of the periodic
perturbations introduced by the RIN are not strictly fixed since the Raman laser cavity
is long and thermal drifts may favor different mode beating frequencies. In our case, a
digital filtering algorithm has been put forward to eliminate this quasi-periodic noise in
the traces. This algorithm is based on obtaining the FFT of the Raman amplified signal
where the RIN transfer effect appears as discrete peaks. That nature can be observed
in Figure 5.8, where it is appreciable that the cited peaks can be easily removed with
a digital filtering technique. The use of this algorithm can be completely justified when
employing a BOTDA as a sensor since, conventionally, they are not made to detect any
periodic strain or temperature variations. On the contrary, they are normally adapted
to detect and measure hot-spots or particularly strained sections of short length (e.g.
pipeline leaks, cracks in structures, etc.), anyway non-periodic variations of the Brillouin
shift. Sharp peaks in the trace spectra corresponding to periodic trace variations can
therefore be safely detected and eliminated in the processing step without affecting the
measurement results. As we will see in forthcoming sections, the results from the point
of view of hot-spot detection are notably better with this simple procedure.
In this case, the procedure to remove the quasi-periodic noise in the trace has been
implemented as follows: in the initial step, a FFT of the raw trace, and its preceding and
succeeding traces in the frequency scan is performed. These spectra are averaged and over
the resulting spectrum a peak search algorithm is applied, which detects the frequency
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positions showing a much larger energy over the four closest frequency bins. The threshold
for this classification is established as 1 % of the zero-frequency component of the FFT.
The located undesired frequencies and their corresponding symmetric in the spectrum are
set to zero in the FFT trace. After this, the averaged trace is recovered again through an
inverse FFT. Obviously, this procedure introduces an additional numerical noise in the
trace, although its amplitude is very small. The overall result is an improvement of the
signal quality. Furthermore, unlike other techniques, this procedure has no impact on the
phase and therefore leaves the positional information of the trace fully preserved. If de-
sired, it is also possible to execute an additional low-pass filtering at the cut-off frequency
of the detector to ensure that any out-of-band noise in the acquisition is suppressed.
Figure 5.8: Experimental representation of the FFT of the Raman amplified RIN transferred signal [44].
5.3.1 Experimental Setup
The experimental setup is depicted in Figure 5.9. It is based on a BOTDA Gain config-
uration and it is very similar to the Raman assited BOTDA scheme described in 4.3.1,
except for a couple of differences.
Figure 5.9: Schematic representation of the experimental setup for the DPP BOTDA system [44]. LD:
Laser Diode; I&T: Current and Temperature; PC: Polarization Controller; RF: Radio Frequency; SOA:
Semiconductor Optical Amplifier; EDFA: Erbium Doped Fiber Amplifier; VOA: Variable Optical Attenu-
ator; WDM: Wavelength Division Multiplexer; FBG: Fiber Bragg Grating; FUT: Fiber Under Test; PS:
Polarization Scrambler.
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The first difference comes from the fact that the pump pulses are generated through
a Semiconductor Optical Amplifier (SOA) instead of an Electro Optic Modulator (EOM)
and a Non-linear Optical Loop Mirror (NOLM). This makes the setup easier to operate
while the ER remains very high (> 50 dB) [121] and also helps to reduce one amplifi-
cation stage in the detection stage, which improves the SNR of the measurement. The
measurements were developed through the DPP technique so, in addition, the high ER
of these pulses helps to improve the spectral purity in the measurements as shown in the
numerical results of Minardo et al. [94]. The second difference comes from the use of a
shorter wavelength LD, which presents a central wavelength at 1548.5 nm. In essence this
does not have any impact on the experiment except that the filtering in detection is also
shifted and the Brillouin shift curve is up-shifted with respect to the values reported in
4.3.2 for the same fiber spools.
Besides these novelties, the setup and the methodology to determine the adequate
power settings are exactly the same as the ones employed previously in subsection 4.2.1. In
this case 1, 0.8 and 0.5 meter resolutions were obtained. These differential measurements
were accomplished by subtracting traces with 65 and 55 ns pump pulses for the case of 1
meter resolution (10 ns difference equals 1 meter resolution), 65 and 57 ns pulses for 0.8
meter resolution and 65 and 60 ns for 0.5 meters. The fall time of the pump pulses are
reported to have a negative influence in the resolution of the system [94]. In all our cases,
the fall times are below 2 ns, which theoretically should not have a significant impact on
the achievable resolutions. The obtained gain traces are normalized to their respective
pulse widths, which ensures that the gain subtraction is robust against small pump power
variations. This procedure is correct as long as pump depletion effects can be considered
negligible. In this particular case, the probe power is set below -10.45 dBm (90 µW),
which ensures the avoidance of the appearance of spontaneous Brillouin scattering and
depletion in case symmetric sidebands are employed [62].
The employed sensing fiber is composed by four Single Mode Fiber (SMF) spools of 25
km each with an effective area of 70 µm2 and a similar BFS located at approximately 10.7
GHz for the emitting laser wavelength at ∼ 1548.5 nm. As the length of the employed
pulses range between 65 and 55 ns, the power level of the Brillouin pump could be raised up
to a value roughly 3 times higher than the ones employed in section 4.3 as the width of the
pulses is approximately 3 times larger for the mentioned 2 meter resolution configuration
(20 ns pulses). This is possible since the effect of Self-Phase Modulation (SPM) scales
with the inverse of the pump pulse width (see equation 4.3) and therefore their power
can be raised 3 times without adding any extra spectral broadening. Combining the peak
power increase and the pulse width extend, the gain values recorded in the experiments of
this work are roughly 10 times larger than the ones recorded in 4.3.2, as it will be shown
below. The probe power is also increased obeying to a careful setting of the modulator
working point to minimize the power imbalance between the two sidebands. As stated in
subsection 3.3.2, with perfectly symmetric sidebands, the probe power can be theoretically
raised up to a value close to the SBS threshold without entering into undesired depletion
problems. All these variations lead to a > 10 dB increase in trace SNR. In summary,
the peak power of pump and probe were set at 7.78 dBm (6 mW) and -10.9 dBm (81
µW) respectively, which as stated are in perfect agreement with the necessity of achieving
the 100 km sensing range target and also in order to avoid any undesired effect that can
damage the performance of our BOTDA system based on the tips provided in section
4.2. The Raman configuration was bi-directional, with 27 dBm (500 mW) of total pump
power, ∼ 24 dBm (250 mW) per pump/probe branch.
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5.3.2 Results
5.3.2.1 DPP Measurements
Figure 5.10 shows a gain trace recorded for the complete fiber length with a pulse width of
65 ns. The Raman pump power used is below the value necessary for a good compensation
of the losses. However, this ensures a good behavior of the setup in terms of RIN transfer.
Figure 5.10: Illustration of the full gain sweep over 100 km of Smf with 65 ns pulses from 10.66 GHz to
10.78 GHz [44].
In this case, as it arose with the results obtained in 4.3.2, the minimum gain of the
100 km measurement was located in the 75 km approximately. Thus to validate the
performance of our high-resolution long range BOTDA as a sensor, even in the worst
conditions, a hot-spot was introduced between the last two fiber spools (∼ 75 km), where
the gain contrast is minimal. 1 meter of fiber was introduced in a water bath at 60 ◦C
(± 5 ◦C), with a room temperature of 20 ◦C. Figures 5.11(a) and 5.11(b) (65 and 55 ns
pulses respectively) show the gain trace sweep around the hot-spot location for a probe
frequency shift ranging from 10.66 GHz up to 10.78 GHz. As it can be seen, the BFS of
the fiber is set at approximately 10.71 GHz all along the 100 meter span analyzed and at
the hot-spot region, it can be seen that the gain at 10.71 GHz is reduced and a significant
part of the gain is recorded at higher offset frequencies (∼ 10.75 GHz). The distance over
which this gain variation arises spans over the pulse length, not the actual fiber length (1
meter), being therefore longer for the gain sweep acquired with longer pulse length. The
traces are not de-noised and therefore a periodic noise is visible at some positions.
(a) (b)
Figure 5.11: Brillouin gain sweep from 10.66 GHz until 10.78 GHz around the hot-spot location at the
lowest gain region (∼ 75 km) for 65 ns (a) and 55 ns (b) pulses [44].
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The result of the subtraction of these two traces is shown in Figure 5.12(a). A 1 meter
hot-spot is clearly visible, in 74.343 km. The maximum gain clearly switches from the
value of 10.71 GHz to 10.75 GHz. The 40 MHz frequency difference equals to 40 ◦C
variation(1 MHz/◦C), which actually matches with the expected temperature change.
(a) 1 meter hot-spot measurement without de-noising. (b) BFS of the 1 meter hot-spot without de-noising.
(c) 1 meter hot-spot measurement with de-noising. (d) BFS of the 1 meter hot-spot with de-noising.
Figure 5.12: Result of the subtraction between the 65 ns and 55 ns Brillouin gain traces for 1 meter
hot-spot with and without the de-noising procedure applied [44].
In Figure 5.12(a) it is appreciable a periodic noise all over the trace which corresponds
to the RIN transfer from the Raman pump, which considerably degrades the quality of the
measurement. That effect can be fully appreciated in Figure 5.12(b), where the BFS of
the measurement is depicted. The Root Mean Square (RMS) frequency difference between
consecutive traces equals 4 MHz, which is equivalent to 4 ◦C/80 µ of uncertainty, a value
far below from expectations. Thus, the de-noising procedure is applied to the obtained
results and the result can be observed in Figure 5.12(c). It can be clearly seen that
the contrast of the resulting gain trace sweep is upgraded, showing the efficiency of the
developed procedure. In Figure 5.12(d) the BFS of the de-noised trace is represented,
and in this case the RMS frequency difference is in the order of 2.5 MHz, which ensures
a maximum uncertainty of 2.5 ◦C/50 µ. In conclusion, it can be said that our simple
de-noising procedure helps to reduce the measurement uncertainty in ∼ 1.5 ◦C/30 µ.
In a second experiment, an attempt to perform the first sub-metrical resolution mea-
surement over 100 km was developed. 0.8 meters of fiber were introduced in the hot
bath and measured with 65 ns and 57 ns pulses, so the 8 ns pulse-width difference should
provide 0.8 meter resolution. Figure 5.13(a) shows the result of the subtraction of both
traces over a 50 meter span measurement with the de-noising procedure already applied.
As it can be seen, the 0.8 meter hot-spot is perfectly detectable at the expected frequency
position (∼ 10.76 GHz). Figure 5.13(b) represents the BFS of the subtraction and in this
case, compared to the case of 1 meter resolution, the RMS frequency difference between
consecutive sweeps is in the order of 5 MHz, quite higher than before even though the de-
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noising procedure is applied, which determines an RMS uncertainty in the measurement
of roughly 5 ◦C/100 µ.
(a) 0.8 meter hot-spot measurement with de-noising. (b) BFS of the 0.8 meter hot-spot with de-noising.
Figure 5.13: Result of the subtraction between the 65 ns and 57 ns Brillouin gain traces for the 0.8 meter
hot-spot [44].
By comparing the results for 1 meter and for 0.8 meter resolution, it is noticeable
a considerable decrease in the quality of the measurement in terms of noise, even when
the de-noising procedure is applied. This noise problem becomes certainly impossible to
handle at lower resolution values with the actual experimental arrangement. This is due
to the simultaneous occurrence of two problems: first, the detection bandwidth has to
be correspondingly increased, which implies an equivalent increase in noise bandwidth;
second, the energy of the trace difference becomes smaller. To push further down the
resolution, we decided to use Semiconductor Laser (SL) pumping on the probe side of
our BOTDA. This type of lasers has much lower RIN values than RFLs, typically -140
dBc/Hz, and their positive use in BOTDAs has already been confirmed by Soto et al.
in [49]. The choice of a SL pumping just in the probe instead of on the pump side relies
on the fact that RIN transfer issues are minimized in the most critical direction.
5.3.2.2 Further Improvement Using a Semiconductor Laser
The employed experimental setup is depicted in Figure 5.14, and, as commented previ-
ously, the only difference regarding the initial development (Figure 5.9) is the introduction
of a SL in the probe side of the scheme.
Figure 5.14: Schematic representation of the experimental setup of the DPP BOTDA system with a
SL pump in the probe side [44]. LD: Laser Diode; I&T: Current and Temperature; PC: Polarization
Controller; RF: Radio Frequency; SOA: Semiconductor Optical Amplifier; EDFA: Erbium Doped Fiber
Amplifier; VOA: Variable Optical Attenuator; WDM: Wavelength Division Multiplexer; FBG: Fiber Bragg
Grating; FUT: Fiber Under Test; PS: Polarization Scrambler; SL: Semiconductor Laser; FL: Fiber Laser.
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As it was done previously, in this case 0.5 meter fiber length were introduced in the hot
bath and two measurements were developed with 65 and 60 ns pulse widths. As stated
at the beginning of the section, the power levels for the pump and probe waves were left
unaltered, being 7.78 dBm (6 mW) and -10.9 dBm (81 µW) respectively. In the case of
the bi-directional Raman pumping scheme, the idea was to keep similar power values to
the previous cases so the obtained results are comparable. The Raman power supplied
to the pump branch with the RFL was set at ∼ 24 dBm (250 mW) while the SL for the
probe side emitted a total power of 23.6 dBm (230 mW), the maximum output supplied
by the employed device. Although the amplification branches are slightly unbalanced, it
is acceptable when comparing with previous results as the power difference is below 10 %.
In Figure 5.15(a) (100 m span measurement) it can be seen the subtraction between
the obtained traces and once the de-noising procedure is applied. It is noticeable that the
detection of the hot-spot is performed properly and that in this position (∼ 74.34 km)
the gain completely switches from 10.71 GHz to 10.76 GHz. The measurement quality
is clearly better than the case of 0.8 meter explained before. In terms of measurement
uncertainty, through the depiction of the BFS of the curve (see Figure 5.15(b)), the RMS
for consecutive traces is obtained which in this case is 3 MHz. This value equals to 3
◦C/60 µ of temperature/strain determination uncertainty which as expected is below the
0.8 meter resolution measurements. Obviously, the uncertainty is still greater than the
one achieved for 1 meter resolution, 2.5 ◦C/50 µ, but the improvement can be considered
significant. In this case, this frequency uncertainty is essentially affected by three param-
eters: the trace noise whose main cause is still RIN transfer due to Raman amplification,
the frequency step in our measurement, 2 MHz, and the gain bandwidth which is ∼ 30
MHz in this case.
(a) 0.5 meter hot-spot measurement with de-noising. (b) BFS of the 0.5 meter hot-spot with de-noising.
Figure 5.15: Result of the subtraction between the 65 ns and 60 ns Brillouin gain traces for the 0.5 meter
hot-spot with the de-noising procedure applied [44].
The representation of the gain profile at the exact position of the hot-spot provides
information about spectral purity issues due to imperfect ER in the employed pump
pulses [94]. In Figures 5.16(a) and (b) the gain sweep for 1 meter and 0.5 meter resolution
are depicted. As it can be observed, at the position of the hot-spot frequency (∼ 10.76
GHz) there is a considerable gain increase, while at the section of the un-shifted maximum
frequency (∼ 10.71 GHz) there is almost a complete absence of gain which proves the good
ER of the pulse generation section.
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(a) (b)
Figure 5.16: Gain profile at the hot-spot region for 1 meter (a) and 0.5 meter resolution (b) [44].
5.4 Conclusions and Open Lines
As we have seen in this chapter, the detrimental effect of RIN transfer is not easily
removable with simple averaging procedures due to its quasi-periodical nature in the case
of RFL pumping. In order to reduce or remove it, as we have seen in this chapter, it is
necessary to develop or apply either different measuring schemes or mathematical filtering
procedures.
Firstly, we have proposed the use of a VBOTDA, that compared to a standard BOTDA
uses a high-frequency modulated probe wave (500 MHz < f < 1 GHz) that allows to
reduce the RIN transfer effect over 10 dB. Further reduction could be achieved at higher
frequencies, although a trade-off remains to be found since chromatic dispersion causes
some undesired PM-AM conversion in the probe wave at higher frequencies, which reduces
the dynamic range of the measurement [122]. In addition to the impairments due to
chromatic dispersion, it is also remarkable the deleterious effect on the measurement
noise caused by Four-Wave Mixing (FWM) [123, 124] among the different probe wave
components. It should be considered that the spectral components in the probe wave
are polarization-aligned and close in frequency. Under these these conditions FWM is
maximized, as the phase mismatch vanishes [1].
Secondly, a novel numerical de-noising technique has been presented, which removes
almost entirely the noise transferred from the Raman amplification pumps to the detected
amplified probe wave. By analyzing the FFT of the detected signals it is possible to
distinguish the frequency pattern of the transferred noise and remove it mathematically
without distorting the target signal. Through this simple procedure, it is viable to reduce
the uncertainty of the measurements in ∼ 1.5 MHz, which helped to be able to measure a
0.5 meter hot-spot in a 100 km fiber length through the DPP technique with just 3 MHz
uncertainty in the determination.
The combination of both techniques could be the gate for real-time ultra-long range
BOTDA systems with sub-metrical resolutions. For further improvement, it should be
necessary to apply slightly different modified modulation or detection schemes since it is
necessary to deal with associated issues such as chromatic dispersion and FWM.
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6.1 Conclusions
The main conclusions of the presented thesis dissertation are the following ones:
• All the linear and non-linear effects necessary to develop long and ultra-long range
Brillouin Optical Time Domain Analysis (BOTDA) systems have been studied. A
special focus has been given to the Stimulated Brillouin and Raman Scattering ef-
fects, as they constitute the basis of the treated distributed fiber optic sensors.
• A proper state of the art on BOTDA setups and range and resolution enhancing
techniques has been addressed. Also, all of the non-desired effects that arise when
trying to enlarge the range and resolution of BOTDA systems have been identified;
Self-Phase Modulation (SPM), Modulation Instability (MI), depletion and Relative
Intensity Noise (RIN) transfer.
• A refined First-order Raman-assisted BOTDA has been developed with the intention
of validating its effectiveness as a long range measuring technique. The optimization
has been done using simple analytical models. Also, a brand-new Second-order
Raman-assisted pulse coded BOTDA system has been assembled to be able to range
extremely long linear sensing configurations (120 km) and therefore provide sensing
solutions to exceptionally challenging infrastructures.
• Two different Relative Intensity Noise (RIN) reduction techniques have been tested.
The first one is a novel numerical procedure, called “de-noising”, that eliminates
the detected non-desired peaks of the periodical noise introduced to the detected
signal by the employed Raman Fiber Lasers (RFL). The second one is the Vector
BOTDA (VBOTDA), a Brillouin scattering measuring technique that modulates the
detected signal to a high frequency carrier far from the frequency range where the
RIN transfer effects are more deleterious.
6.2 Original Contributions
These are the original contributions developed to the thesis dissertation:
• A 100 km range First-order Raman-assisted BOTDA with 2 meter resolution and
1.2 ◦C/24 µ measurement uncertainty in terms of temperature and strain has been
developed using simple analytical modelling. This constitutes the validation of the
proposed technique for range increase.
• In collaboration with the EPFL and the company Omnisens, for the first time to the
best of our knowledge, a combination among Second-order Raman amplification and
pulse coding on a BOTDA system has been produced. In this way a 240 km linear
sensing scheme (120 km sensing distance) with 5 meter resolution and 1.9 ◦C/38 µ
of temperature/strain uncertainty has been achieved.
• A novel numerical RIN transfer “de-noising” technique has been developed that al-
lows to reduce the detrimental effect that arises on the detected BOTDA signals
when high power RFLs are employed to enhance the sensing distance.
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• The resolution enhancer DPP technique has been applied over a First-order Raman-
assisted BOTDA together with the“de-noising”procedure. This provided sub-metric
resolutions over sensing distances of tens of kilometers. In our particular case, a 100
km sensing length system with 0.5 meter resolution and 1.9 ◦C/38 µ of tempera-
ture/strain uncertainty was accomplished.
• In collaboration with the University of Lille 1, for the first time to the best of our
knowledge, First-order Raman amplification has been applied to a VBOTDA. This
combination allowed us to reduce the detrimental effect of RIN transfer in more than
10 dB.
6.3 Open Lines
After the studies and experiments developed over this thesis dissertation, we propose the
following research open lines for the future:
• Raman assistance has been established as one of the preferred options for range
extension purposes. Unfortunately, for the current demanded ranges the devices
that provide optimum amplification levels are based on RFLs, that have a large RIN
figure. Therefore, it is necessary to research on new amplification pumps based on
Semiconductor Lasers (SL) to avoid the noise issues of RFLs as much as possible.
• Based on the previous statement, as it is still not possible to fully eliminate the
RIN transfer, it is required to continue testing and or developing new detecting
schemes that could reduce the deleterious effect of RIN transfer, such as VBOTDA,
heterodyne detection or balanced detection. In particular, balanced detection in the
probe signal might be a very convenient route to explore.
• Even though the effectiveness of pulse coding has been demonstrated for range en-
larging, it is still not commonly employed in commercial systems, so it could be
interesting to research new coding techniques easily applicable to the commercial
development of BOTDA systems.
• The commonly employed mechanism for mitigating the polarization effect over the
detected Brillouin signal, the Polarization Scrambler (PS), is based on small moving
plates that introduces noise to the detected signal degrading its quality. Therefore,
it is necessary to develop a mechanism that is not based on mechanical actuation to
reduce the cited issue.
• All the BOTDA systems presented during this thesis dissertation require long mea-
suring times to properly determine inhomogeneities at the position where the re-
trieved gain lower. Therefore, some applications that require a fast determination
of the presented problem could not be satisfied. That is why it is necessary to
develop dynamic measurement technique for the Brillouin Frequency Shift (BFS)
determination that could be applicable for long range and high resolution systems.
• The resolution enhancer DPP technique requires to develop two full Brillouin Gain
Spectrum (BGS) maps. This actually doubles the measuring, considerably reducing
the scope of applications of the current systems. Thus, it will be necessary to put
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into practice new resolution enhancing techniques that are applicable on long range
systems.
• At the conclusion of the research stage of this thesis work, our research team got
involved in an implementation project for the development of a Raman-assisted
BOTDA field test equipment. That intention coincided with the fact that the spin-off
company named Focus, created among research personnel from the Spanish National
Research Council (CSIC) and the University of Alcala´ (UAH), was granted with
funding from the Entrepreneurs Fund of the Repsol Foundation in order to develop
a pre-commercial long range distributed sensor prototype. Thus, since December
2012, I have been fully involved in the elaboration of a commercial Raman-assisted
BOTDA system, that ranges 100 km with 2 meter resolution, which is currently
fully operative doing the first monitoring tests over an oil pipeline departing from
the Cartagena (Spain) petrol refinery property of Repsol.
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Appendix A
List of Symbols
Symbol Physical Meaning Units
α Fiber Attenuation dB/km or km−1
β Fiber Propagation Constant m−1
β1 Group Velocity Inverse ps/km
β2 Group Velocity Dispersion ps
2/km
γ Nonlinear Constant 1/W·km
, 0 Electric Permittivity in the Medium, in Vacuum F/m
λ Wavelength nm
λ0 Zero Dispersion Wavelength nm
νB Brillouin Frequency Shift GHz
τg Group Delay ps
ω Angular Frequency rad/s
∆ Strain Difference MHz/%
∆νB FWHM of the Brillouin Spectral Linewidth MHz
∆T Temperature Difference MHz/◦C
χ(i) Linear/Non-Linear Susceptibility (m/V)i−1
Aeff Effective Area µm
2
c Speed of Light in Vacuum m/s
CνB Strain-Frequency Conversion Constant MHz/%
CνBT Temperature-Frequency Conversion Constant MHz/
◦C
gB Brillouin Gain m/W
gR Raman Gain m/W
L Length km
Leff Effective Length km
n Refractive Index -
n2 Non-linear Refractive Index -
P Optical Power dBm or mW
va Acoustic Velocity m/s
vg Group Velocity m/s
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Appendix B
List of Acronyms
Acronym Meaning
AM Amplitude-Modulated
AOM Acousto Optic Modulator
ASE Amplified Spontaneous Emission
BFS Brillouin Frequency Shift
BGS Brillouin Gain Spectrum
BOTDA Brillouin Optical Time Domain Analysis
BPS Brillouin Phase Shift
CSIC Spanish National Research Council
CW Continuous Wave
DC Direct Current
DPP Differential Pulse-width Pair
EDFA Erbium Doped Fiber Amplifier
EOM Electro Optic Modulator
EPFL E´cole Polytechnique Fe´de´rale de Lausanne
ER Extinction Ratio
ESA Electrical Spectrum Analyzer
FBG Fiber Bragg Grating
FFT Fast Fourier Transform
FL Fiber Laser
FPU Fermi-Pasta-Ulam
FUT Fiber Under Test
FWHM Full-Width at Half Maximum
FWM Four-Wave Mixing
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116 List of Acronyms
Acronym Meaning
GFO Group for Fiber Optics
I&T Current and Temperature
LD Laser Diode
MI Modulation Instability
NLSE Non-Linear Schro¨dinger’s Equation
NOLM Non-linear Optical Loop Mirror
OTDR Optical Time Domain Reflectometry
OVA Optical Vector Analyzer
PC Polarization Controller
PDG Polarization Dependent Gain
PhLAM Laboratoire de Physique des Lasers, Atomes et Mole´cules
PI Proportional-Integrator
PM-AM Phase to Amplitude Modulation
PS Polarization Scrambler
PSW Polarization Switch
RF Radio Frequency
RFL Raman Fiber Laser
RFS Raman Frequency Shift
RIN Relative Intensity Noise
RMS Root Mean Square
RZ Return-to-Zero
SBR Signal to Background Ration
SBS Stimulated Brillouin Scattering
SL Semiconductor Laser
SMF Single Mode Fiber
SNR Signal to Noise Ratio
SOA Semiconductor Optical Amplifier
SPM Self-Phase Modulation
SRS Stimulated Raman Scattering
S-codes Simplex Codes
UAH University of Alcala´
VBOTDA Vector-BOTDA
VOA Variable Optical Attenuator
WDM Wavelength Division Multiplexing
